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PREFACE 


The  purpose  of  the  flight  simutotor  is  to  provide  a  safe,  readily  available  and  economical  means  of  training  air  crew  in 
the  operation  of  aircraft.  Simulator  training  is  poientiaiiy  a  safe  substitute  for  part  of  the  flight  training  that  would  otherwise 
be  done  in  aircraft  at  higher  cost  aitd  with  greater  risk. 

Over  the  years  a  number  of  uno.^irable  simulator  effects,  incltidlng  a  set  of  effects  referred  to  as  simulator  sickness, 
have  been  reported,  The  frequency  of  hese  reports  has  increased  as  simulator  usage  has  increased  to  offtet  the  higher  costs 
and  risks  of  operating  the  complex  modem  aircraft.  The  goal  of  the  symposium  was  to  examine  simulator-induced  effects, 
their  operational  implications,  and  their  etiology  in  order  to  develop  ideas  for  reducing  undesired  effects.  In  general, 
symposium  objectives  were  met.  Areas  fbr  standardiution  of  investigational  methods  and  procedures  were  identified.  Some 
apparent  conflicts  in  results  of  different  investigations  were  resolved,  and  avenues  for  future  studies  were  ascertained. 
Several  speakers  provided  recommendations  for  procedures  to  be  followed  to  avoid  some  of  the  unwanted  effects  of 
simulator  training. 


*  *  * 


Le  simulateur  de  vol  permet  I'entrainement  des  equipages  au  vol  en  toute  stoirifo  et  k  moindre  frais,  k  I'aide  d'un 
equipement  qui  est  disponible  en  permanence.  En  effet,  le  simulateur  de  voi  repr^ente  une  solution  de  remplacement  sans 
risque,  qui  permet  de  poursuivre  une  phase  de  I’entrainement  au  vol  qui  serait  autrement  effechiee  a  bord  d'aeronefs,  k  plus 
grands  fiais  et  k  plus  grands  risques. 

Au  cours  des  ann^,  un  certain  nombre  d'effets  ind&irables  ont  etc  constates  et  notamment  un  ensemble  d'effets 
connus  sous  le  nom  de  “mal  de  simulateur”.  Le  nombre  de  cas  constates  de  mal  de  simulateur  a  augmente  avec  I’emploi  des 
simulateurs  devenu  plus  intensif  dans  le  but  de  r^uire  le  cout  grandissant  et  les  risques  de  plus  en  plus  importants  associes  a 
la  mise  en  oeuvre  des  aeronefs  modemes,  complexes.  Le  Symposium  avait  pour  but  d'examiner  ces  effets,  leur  incidence  sur 
la  conduite  des  missions  et  leur  ^tiologie,  afin  de  trouver  des  solutions  permettant  de  rMuire  ces  effets  indrsirables.  La 
plupart  des  objectifs  du  symposium  ont  ete  atteiats.  Des  domaines  de  normalisation  en  ce  qui  conceme  les  methodes  et  les 
proc^ures  d'investigation  ont  ete  repertories.  Certains  disaccords  qui  semblaient  exister  entre  les  resultats  de  differentes 
recherches  ont  ete  resolus,  et  des  axes  de  recherche  ont  ete  identifies.  Plusieurs  orateurs  ont  fait  des  recommandations 
concemant  les  procedures  a  suivre  afin  d'eviter  certains  effets  indesirables  de  I'entrainement  sur  simulateur. 
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1.  miooacTioM 

lha  AaroaMca  Nadieal  Fanal  tyipaaltai  on  'Motloa  Coaa  In  Flight  Slaulallon  ,and  slam* 
lator  Indttead  Blekaaaa*  waa  hald  in  tnaaala,  •algtua,  tnm  i9  Saptawbar  1917  through 
1  Oetobar  1917.  Tha  AQhM>  Contaroaoa  Froeaadlnga  praaantad  hara  eonalata  ot  aavantaan 
Individual  papara  tolloaad  at  tha  and  of  tha  Froeaadlnga  by  a  Round  Tabla  Dlacusalon. 
Authora  from  ala  NATO  countrlaa  praaantad  papara. 

3.  TNoa 


Tha  ayamoalum  waa  foouaad  on  tha  eonatallatlon  of  affacta  that  rapraaant  problama 
aneountarad  la  tha  uaa  of  flight  altMlatora  to  train  air  craw.  Slmulator-lnduead  atfaeti, 
raaaaibllng  motion  aleknaaa,  can  Intarfara  with  prograaa  In  training.  Aftar-affacta  auch 
aa  pareaptual-motor  abarratloaa  and  ‘vlaual  flaahba^a*  can  langthan  *da«n-tlaa*  batwaan 
alaulator  training  aaaalona  or  batwaan  a  almnlator  aaBolon  and  raadlnaaa  for  actual 
flight,  halatlona  batwaan  motor^eontrol  actlona  and  tha  parealvad  raapenaa  of  tha  alaiu- 
lator,  whan  dlaorapant  with  tha  ramambarad  parcaptlona  of  flight  conditions,  can  ba  a 
aourca  of  dlaturbanca,  particularly  to  tha  anparlanead  aviator  who  a«y  ralaa  guaatlona 
about  nagatlva  tranafar  of  training.  The  ataln  thama  of  thla  ayi^oalum  waa  choaan  bacauaa 
of  an  rpparant  Ineraaaa  In  tha  nuabar  of  such  raportat  l.a. ,  tha  aywpoalum  thama  aroao 
from  tha  uaars  of  almulatora,  individuals  baing  trainad,  and  Indlvlduala  raaponslbla  for 
training.  Tha  Incraaaad  numbar  ot  raports,  in  turn,  may  ba  ralatad  to  1)  tha  Incraaaad 
uaa  of  almulatora  to  raduea  tha  coats  and  risks  of  training  In  modarn  aircraft i  2)  tha 
tachnologieal  advancaa  that  hava  provided  tha  daalgnar  with  avar-lncraaaing  optlona  for 
depleting  tha  terrain,  sky,  and  other  aircraft  in  various  dagraaa  of  raalism,  lavala  of 
visual  contrast,  amount  of  visual  detail  and  alaaa  ot  tha  field  of  vlawt  3)  inadaguata 
maltttananca  of  simulators  and  other  factors  brought  out  during  tha  course  of  tha  sym¬ 
posium, 

3.  PURFOSK  AND  SCOPE 

The  purpose  for  this  t/mposiun  waa  to  disseminata  Information  obtained  in  recant 
years  on  tha  Incldanca  of  effects  in  diffarant  simulators  (or  different  units  of  tha 
Sam  modal  simulator)  that  might  advaraaly  influanca  tha  affectivanaas  of  simulator 
training.  An  approach  to  obtaining  Information  pertinent  to  etiology  involves  relating 
dlffaraneaa  in  incldanca  of  affects  to  diffarancaa  in  simulator  cues  and  motor  raaponsas 
in  tha  context  of  theories  of  adaptation  to  sanaorimotor  raarrangamant .  Topics  addressed 
included  currant  and  future  trends  in  simulator  design,  variables  inf.uanclng  vlrually- 
Inducad  self-motion  (vaction) ,  uaa  of  modals  for  tha  design  and  evaluation  of  almulatora, 
procedures  for  cvercomlng  vertigo  in  patients,  procedures  for  reducing  disorientation  in 
space  flight,  soma  cliallangas  prasentod  by  halmat-mountad  displays,  and  efforts  to 
relate  neurophysiological  systems  and  physiological  measures  (including  event-related 
cortical  potentials)  to  simulator  problems. 

4.  SYMPOSIUM  PROGRAM 

The  program  consisted  of  four  sessions.  Session  I  consisted  of  three  presentations 
that  provided  a  symposium  overview  and  discussion.  Session  II  consisted  of  four  prasanta- 
tions.  Bffocts  revealed  during  evaluation  of  different  simulators  by  diffarant  speakers 
were  discussed.  Session  ill  comprised  eight  presantations  covering  a  range  of  topics. 

Due  to  time  constraints,  discussion  was  restricted  following  each  of  the  last  five 
presentations  in  this  sasaion.  Session  IV  consisted  or  two  presentations,  one  related 
to  reduction  of  unwanted  affects  resulting  from  clinical  disorder,  and  the  other  related 
to  an  effort  to  use  simulated  cue  mlsmotchas  to  praadapt  individuals  to  stimulus  rearrange¬ 
ment  in  weightlessness.  These  praaentations  were  followed  by  a  Round  Table  Discussion 
Involving  four  panelists,  a  moderator,  and  the  audience.  Tha  discussion  cantarad  on 
several  points  that  had  bean  ralsad  during  tha  course  of  tha  symposium. 

5.  TECHNICAL  EVALUATION 

i'ha  presentations  of  the  three  speakers  of  Session  I  provided  a  valuable  overview 
for  the  symposium.  The  many  simulation- Indv.'.'M  effects,  soawtlmas  included  in  lists  of 
signs  of  simulator-induced  sickness,  were  tl.a  subject  of  lengthy  disouasion  late  In  the 
symposium.  Relevant  to  this  in  Kennedy's  opening  talk  was  his  pr^wsal  that  different 
synptoa  clusters  may  be  related  to  different  simulator  agulpsMnt  features,  and  he  pro¬ 
vided  tables  directly  relevant  to  this  point.  The  data  base  for  Kennedy's  presentation 
Involved  the  evaluation  cf  10  flight  trainers  'before  and  after  some  1200  separate 
exposures.” 

Current  trends  in  simulation  of  motion  cues,  presented  by  Moolj,  a  member  of  the 
Flight  Mechanics  Panel  of  AGARD,  pro-.-lde  Inelght  into  demands  for  large  flelds-of-vlew 
and  high  resolution  visual  Images  for  simulators.  It  is  probable  that  compute *- 
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9«Mrat«d  iM9«ry  will  b*  ut«d  alMoat  tixclualywly  in  th«  tutar*.  N«a4-«law«4  or  hand/ 
ayaoalawad  control  nay  ba  uaad  to  provida  hlqh  raaolutlon  In  tha  araa  of  vlaual  Intaraat 
wblla  aMlntainlno  a  wida  tlald  of  view.  Nowavar,  Mooil  ballaaaa  that  enhanead  daplctlon 
of  tha  outaida  viaual  aoana  eraataa  ataMlater-inducad  ai^tncaa  problaaw.  Mooij  raoarda 
quality  control  In  tha  amlntananea  of  flight  alMilatora  and  In  tha  training  of  Indlvldu- 
ala  e^ratinq  almulatora  as  Isportant  dataimlnara  of  alsMlator  alokanat. 

■anaon  oharactarlaad  alaulator  sleltaaaa  aa  ■anothar  for*  of  antien  aleknaaa,* 
adduolnq  aa  aaldanoa  tha  alqnlf leant  nunbar  of  raperta  of  ata*aah  awatanaaa,  nauaaa, 
awaatlnq,  haadaeh*»  dlaalnaaa,  and  drowalnaaa  »  all  aeawon  to  othar  formo  of  notion  alck- 
naaa.  Although  aonltlng  la  Infraquant  In  alaulator  aidtnaaa,  *any  othar  attrlbutoa  of 
alaulator  af facts  rssaabla  rasponaaa  to  atlaulua  situations  that  ptovoka  notion  aleknasst 
a.g.t  saaarlty  of  tha  affaots  and  tha  aftar-af facta  am  funotions  of  tha  duration  of  tha 
notion  stlnulusi  adaptation  oooura  with  rapaatad  alaulator  flights,  wlda  individual 
diftnranoos  in  the  nanlfastatlon  of  nalaiaa,  diaturbanoaa  of  postural  eontrol  after 
axposum  —  all  conaton  to  adaptation  to  aanaery  marranganant  eondltlons  that  produce 
notion  sloknaas. 

Nhlla  Panaon  Identified  one  of  Kennedy's  eluatars  of  alaulator  af facta  as  *Just 
anothar  fom  of  notion  aloknaaa,*  ha  also  clearly  Indicated  that  othar  slnulator* 

Induoad  affaots  am  not  apaciflcally  charaetarlatle  of  aiotlen  altdcaasa,  a.g. ,  aona  of 
tha  viaual  diaturbaneas  mportad.  hlao,  variations  in  tha  range  of  intonaatlon  collacted 
by  varioda  investigators  of  diffamnt  alnulatora  coapreniaad  afforts  to  conpam  Inci- 
danea  of  partloular  aisulator-induoad  affects.  A  point  asphaaiaad  during  the  course 
of  tna  syaposlun  ia  tha  need  to  considar  alnulator-inducad  affaots  in  mlatlon  to  affaots 
induced  by  eosparabla  flights  in  tha  aircraft. 

nta  neural  nlanatch  or  aansyv  marranoamnt  theory  waa  proposed  to  explain  tha 
cluster  oi(  signs  and  ayt^tona  Indieailva  of  ainulator-lnducod  notion  aldcnaaa.  Notion 
slekuasa  ooeum  whan  sanaory  Infomatlon  fron  ttia  visual,  vestibular,  and  aqnatoaanaory 
syatana  about  whola-body  novanant  la  discordant  with  tha  pattern  of  sanaory  Inputs  ax- 
paotad  on  tha  basis  of  past  axparlanea.  A  nodal  within  tha  oantral  nervous  syatan  of 
affarant  and  afferent  neural  activity  la  derived  through  dally  axparlanea  "prlnarlly 
during  voluntary  eontrol  of  «fhola-bodhr  novan.mt.''  A  sustained  change  In  tha  pattern  of 
sanaory  Input  —  aa,  for  axanpla,  occurs  In  acne  notion  anvironnanta  or  whan  there  la 
vestibular  dlaaaao  — '  yields  a  continual  nianntch  between  actual  and  axpactad  sanaory 
Inputs.  Thus,  tha  intamal  nodal  auut  ba  noditlad,  but  with  two  effaetsi  1)  notion 
aleknaaa,  and  2)  gradual  ax^lfleatlon  of  sanaorlnotor  maponaaa  that  provide  adequate 
control  of  notion  In  tha  new  anvlroraaant.  As  tha  nlanatch  la  mducad,  notion  slcknaas 
aubaldaa,  but  than  mturn  to  a  ’’noxnal*  anvlionnant  produeaa  after-affects  as  a  msult 
of  madaptatlon  to  tha  noratal  anvlronnant. 

The  sanaory  marranganant  concept,  aa  pmaantad,  aaphaslaad  the  Isportanea  of  past 
axparlanea.  I  concur  but  with  one  maarvatlon,  via,  that  acne  form  of  conflict,  whamln 
sensory  Inputs  would  elicit  maetlona  la  dlffaroat  dimetlona  alnultaaaoualy  from  tha 
aana  nusela  groups,  nay  be  an  Innate  alam  signal  that  contributes  to  notion  sleknaai. 
Havarthaleas ,  It  ia  clear  that  sanaorlnotor  and  pareaptual  maetlona  am  altamd  during 
pamlstant  axposum  to  unusual  notion  aavlronBants  (1,3).  The  sanaory  marranganant 
theory  of  notion  sickness  was  gsnarally  accepted  by  the  syaposlun  participants  «d>o  Inta;- 
pmtad  a  nunbar  of  tha  affaots  and  aftar-af facta  of  slnutator  training  fron  this  view¬ 
point. 


Tha  four  papara  of  Session  II  dealt  with  Incidence  of  alnulator-lndrcad  effects  and 
after-effects  on  alnulatora  In  four  countries  —  Prance,  Canada,  Tha  United  Kingdom,  and 
tha  unltud  S cates. 

Results  of  tha  flrat  paper  in  this  group  warn  based  upon  a  mtrospactlva  survey, 
fdtamas  msulta  in  tha  ranalnlng  three  papara  warn  based,  at  least  partially,  upon  msults 
obtained  fron  nom  dlmct  surveys.  Chappalow,  and  later  Kennedy  during  tha  Round  Table 
Diacussion,  indicated  that  mportad  Incidence  tended  to  be  lower  In  mtrospactlva  surveys, 
saeh  of  these  papem  pmsentad  evidence  of  unwanted  sinulator  ef facta.  Them  seanad  to  ba 
general  agreanant  that  them  am  maaons  and  nathods  to  axnllorata  unwanted  affects, 

«rtiioh  in  general  warn  milder  than  anticipated  and  did  not  outwaigh  advantages  that  simu¬ 
lator  training  offers. 

Reports  of  sinulator  sideness  obtained  from  pilots  la  the  Air  Pore*  of  Prance  warn 
■uanarised  In  tha  paper  by  I.agar  at  al.  (pmsentad  by  l.egar) .  Of  1(4  pilota  msponding, 
153  msponsea  warn  judged  suitable  for  general  dascrlptiva  analysis,  and  132  warn  retained 
for  detailed  analysis.  In  contrast  to  othar  studies  in  which  oa-slta  investigators  ava:- 
uated  effects  Induced  by  specific  simulators,  questlonnalms  warn  used  by  Lager  at  al 
to  obtain  Infomatlon  on  the  past  sinulator  axperlaitce  of  pilots  (and  notion  sickness  In 
general)  from  different  units  of  tha  Air  Porca  of  Pranos.  Thus,  tha  msulta  warn  baswd 
upon  questlonnalms  answered  anonynously  misting  to  past  experience  In  dlfforent  simu¬ 
lators  over  a  nunbar  ef  years.  Sixty-seven  percent  of  the  msponding  pilots  had  axperl- 
anoad  slnulator-induoad  sldcnasa  to  some  degree,  but  tha  majority  of  effects  allclted 
warn  moderate  and  daomasad  rapidly  after  several  aesaions.  After-effects  warn  absent 
in  Sit,  insignificant  in  34. (t,  nodarata  In  t.r-  ,  and  sevam  In  3. It  of  the  msponding 
subjects.  In  contrast  with  a  study  by  Kennedy  et  al.  (3) ,  statistically  significant 
mlatlonshlp  between  aimulacor  siduiaas  and  notion  slcknaas  in  ganaral  (Indicated  by 
scorns  fron  a  notion  sickness  questionnalm)  was  not  found  by  Legar  et  al.  Diffemnms 
in  this  aspect  of  tha  msults  may  ba  attributable  to  dlffamnces  in  approaches  used  and 
in  tna  NSO  u4aa« 


tn  centrut  with  th*  pswohdlng  p«p«r,  which  dMit  with  •  nmbmr  of  ■luMlatora  ever 
•  nuaber  o(  ywar*.  the  paper  by  Wapaa  at  al.  eoneaatratad  on  cna  alaMlator,  tha  c>l)0N 
(Hareulaa)  flight  alaulator.  Pcavloua  ccaplalnta  about  tha  alanlater  had  Included  a 
variety  of  dlaturblng  handllhfr  charactarlatlea ,  unraallatle  around  af facta,  and  many 
ayaptcaa  auch  aa  vartlqo.  <i'lkilnaaa,  dlaorlantatlon,  atoaach  dlaturbanca.  haadaaha, 
nauaaa,  and  aya  atraln*  at  laaat  two  pllota  veadtad  tollowlna  alaMlator  fllghta.  Tha 
praaant  atudy  waa  conduetad  a.ftar  ahortc\aUnaa  la  handllna  charactarlatlea  had  baan 
addraaaad  by  coaputar  awdlf loatlcna . 

Slanilator  aaaalona  \aatad  4  houra,  with  a  eoffaa  break  attar  2  hourat  tha  pilot 
and  copilot  awltrhad  poaltlona  attar  tha  break.  Mo  aubjact  reported  aavara  alaMlator 
aicknaaa,  but  >St  axparlancad  at  laaat  one  ayaptc*.  Hoat  ccaaonly  reported  ware  aya 
atraln,  aftar-aanaatlona  of  notion,  fatigue,  and  drcwalnaaa.  lanrovad  alnulator  hand¬ 
ling  charactarlatlea  nay  anplaln  tha  laaaar  atfaeta  anecMntarad  in  tha  praaant  atudy. 

Tha  flight  aiiparlanoe  factor  in  relation  to  alnulator  aftacta  waa  alao  avaluatad.  Thalr 
aaparlanoad  group  had  pravloua  Roreulaa  alnulator  aaporlanea  aa  wall  aa  flight  anparlanea. 
Tha  Inaaparlanead  group  had  pravloua  flight  anparlanea,  but  none  In  tha  Hareulaa  aircraft 
or  alnulator.  Dlffarancaa  related  to  flight  anparlanea  ware  not  found)  tha  authora  do 
not  regard  their  raaulta  at  definitive  but  rather  at  a  raaaon  for  kaaplng  open  guaationa 
regarding  tha  role  of  flight  anparlanea  In  alnulator  aicknaaa.  Tha  role  of  flight  an¬ 
parlanea  In  alnulator  aicknaaa  waa  alluded  to  by  a  nwbar  of  apaakara  In  tha  ayipoalun. 

It  la  an  laportant  point  bacauaa  It  ralatat  to  tha  aanao^  raarrancynt  theory  of  notion 
aicknaaa,  «^.leh  waa  generally  accepted  by  aywpoalun  partlelpania.  a  anall  nedlan  age 
dlftaranea  (32  varaua  2*  yeara)  between  tha  "anparlanead*  and  *ttovlca*  groupa  In  Hagea'a 
atudy  waa  not  a  atatlatleally  algnlf leant  variable  In  tha  atfasta  recorded,  but  It  waa 
tha  aubjact  of  dlaeuaalon  later  in  the  aynpoalun. 

Chappalow  atudiad  two  alnulatora,  both  raaaarch  alnulatora,  one  at  Parnborough  and 
one  at  Merton  In  the  Unltad  Klngdcn.  A  queationnalra  provided  infomatlon  on  aftacta 
anparlanead  during  tha  alnulator  aortia  and,  by  raadninlctratlon  3  daya  latar,  tha  aaim 
queationnalra  provided  infomatlon  on  poat-alnulator  of  facta.  Ratrcapartlva  infonaation 
waa  obtained  by  aardlng  tha  queationnalra  to  other  pllota  known  to  have  flown  oria  of  tha 
two  alnulatora.  Concurrent  aurvaya  yielded  more  raporta  of  alanilator-lnduced  aftwcta 
than  did  tha  ratroapactlva  aurvey.  A  701  return  rata  yielded  271  raaponaaa. 

Both  alnulatora  were  flneJ-baaad  with  a  projection  doaia  and  ware  uaad  to  alnulate 
air  contort  maneuvering  In  thla  atudy,  Nlth  tha  exception  of  concurrent  quaatlonnalraa 
at  Parnborough,  about  40  to  SOt  of  tha  reapondanta  reported  no  aynptoaia  at  all.  Bf facta 
at  Parnborough  ware  charactarlaad  '.iy  fatigue  (nantal  and  phyaieal)  and  Incraaalng  ayap- 
toaia  aa  expoaura  langthanad,  Raaulta  differed  from  thoae  obtained  at  Narton.  Pllota 
at  Narton  aaldon  mentioned  fatigue)  rather  they  reported  dlaalneaa,  unateadlnaaa ,  and 
falae  perception  of  attitude.  About  304  reported  falae  perception  of  attitude,  an  afreet 
that  waa  leaa  ccnunon  at  Parnborough. 

Delayed  aymptema  (after  alnulator  aortlea)  ware  uncomnon)  no  delayed  effecta  were 
reported  in  over  504  of  the  reapondanta  from  the  concurrent  aurvey  and  in  over  404  from 
the  ratroapactlva  aurvey.  However,  alx  aubjacta  at  Parnborough  reported  aplnnlnc  aenaa- 
tlona,  uaually  on  going  to  bed,  and  one  of  thoae  canceled  a  acheduled  flight  the' next  day. 

Dlfferencea  In  raaulta  between  Parnborough  and  Narton  are  probably  attributable  to 
the  alnulator  aortlea  aclteduled.  Parnborough  alnulator  aortlea  lasted  from  3  to  t  hours 
Involv.lng  tests  of  different  ayatens,  whereas  those  at  Narton  ware  of  1  hour/day  duration, 
each  consisting  of  aeveral  10-mlnuto  training  sesaiona. 

In  general,  tha  aymptom  constellations  ware  similar  to  those  reported  In  several 
other  studies,  but  the  data  ruggeat  a  leaa  aavara  problem  then  had  been  antlcloated. 

An  Interesting  feature  of  this  study  was  that  about  254  of  all  subjects  found  the  simu¬ 
lator  exparlanco  exhilarating)  they  enjoyed  the  axperianca.  About  404  Indicated  that 
their  alnulator  experience  produced  a  poaltlva  attitude  tewa]rd  alnulatora,  «rttarous  lass 
than  34  reported  a  negative  attitude  change.  Chappelow  found  no  ralatlonah.lp  between 
previous  flying  experience  and  simulator  effecta. 

Chvpelow  concurred  with  reconmandatlona  of  Kennedy  for  reducing  unwanted  simulator 
effects)  particularly  ho  awntloned  providing  a  night 'a  rest  between  simulator  training 
and  real  flight,  limiting  simulator  exposure  to  1  hour/day,  avoidance  of  out-of-focus 
visual  displaya,  avoidance  of  resets  of  the  visual  system,  allowing  thoae  few  pilots  who 
have  persisting  effects  to  remove  ther.<aelvea  from  flight  adtedules,  and  assuring  adequate 
alnulator  maintenance. 

The  final  paper  in  thla  saaalon  by  Gower  at  al.  (Paper  IB)  provides  a  balanced 
background  of  advantages  accrued  from  the  use  of  simulators  and  problems  encoxintared 
in  thalr  use.  Gower,  who  presented  the  paper,  suartrlsed  a  number  of  studies,  including 
Investigation  of  Navy  alnulatora  by  some  of  his  co-authors.  The  methods  enployed  a]re 
similar  to  those  of  the  Navy  studies. 

Tha  paper  concentrates  on  evaluation  of  the  D.S.  Amy's  newest  rotary-wing 
alnulator,  the  AH-64  Apache  combat  nlaaiou  alnulator  (CNS) i  It  provides  a  good  des¬ 
cription  of  the  Apache  helicopter,  particularly  systems  in  tha  Apache  potentially 
relevant  to  Apache  CMS  training  effects.  The  study  conalated  of  an  on-slte  aurvey  of 
pilots  undergoing  CNS  training  by  neans  of  a  motion  sickness  history  questionnaire 
(NSHQ)  and  a  motion  alcknesa  queationnalra  (NSQ) .  The  .NSO  provided  evaluation  of  Dprior 
flight  tine  and  simulator  time  (and  recency  of  auch  experience))  2)  use  of  medications. 


•Xeotiol,  tobMco,  •tcw  Md  an  aatlMt*  ot  Mll-baln«  baton  oatoriitf  tbo  •l«Nlatort  Ji 
PO«t-(XiaHt  ayoptoMt  ond  4)  OMporlanoM  with  aya'.OM  an4  ayoyteow  in  tho  tiiMlator. 
in  aMition,  a  poatural  a^ilibriu*  toat  wan  a^Uniatacod  bafora  and  attar  ainuiator 
training  aaaaiona. 

aaworai  aaslaa  of  aubjaeta  (inoiodinv  atwdant  pilata.  ratad  hngr  M-44  pilota, 
and  Inatcueter  pilota)  waM  ineliidad  in  tha  atudy  et  127  indiaidnala  whoaa  condtinad 
aapariaaca  totalad  434  cm  tli^ta.  Data  wata  eatayoriaad  in  two  ajravtoar-oluatara t 
1)  viaion-talatad  problawa,  dittieulty  concantratia««  and  baadaehat  and  2)  aietion 
aioknanai  drowainaaa/tatipoa ,  awaatinf,  aawaaa»  diiainaaa,  ataataoh  awaranaaat  and  full- 
naaa  ot  haad. 

Owar-all  ayaptan  ineidanea  waa  44%,  aiailar  to  prior  0.2,  Mavy  atudiaa.  Diftar- 
anoaa  in  ayaMona  batwaan  "atudaat*  and  *ratad*  awiatora  wara  inaignifioant  whan  aub- 

iaeta  wara  tlying  in  tha  eopilot-gunnar  aaata,  but  ratad  aviatora  axhibitad  aignitieant- 
y  aora  ayaptnaa  wtoan  tlyiny  in  tha  pilot  aaat.  Poatural  aguilibrlua  taat  aeoraa 
droppad  aipni^idtntly  troa  pra-taat  to  poat-taata  (again  aiajilar  to  U.a.  Ma«y  data) . 

In  a  atudant  groi^,  tollowad  ovar  10  ov  tlighta,  tha  pra-poat  ataxia  dittaranoa  aeoraa 
ineraaaad  ovar  flight  aaaaiona  auan  though  othar  ayaptnaa  daelinad,  Tha  authora  taoow- 
nandad  follow-on  atudiaa  ot  poat-aiaulator  atfae^^a  bayond  t*.tfir  15*10  ninuta  poat-flight 
avaluationa  baoauaa  of  potantial  peat-aiaulator  rialia  in  flying,  driving,  and  ao  forth. 

Tha  tight  papara  eonpriaiag  haaaion  III  r^raaantad  a  broad  ranga  of  topiea. 

Papara  •  and  12  daalt  with  tha  uaa  of  pradietiva  aodala  in  ralatien  to  producing  ada- 
quata  aiCMlationr  howavar,  tha  aodala  waro  of  vary  ditfarant  typaa.  huaaolari.  Young, 
and  taa  davalopod  a  Mdal  baaad  fundaawntally  upon  thaory  of  how  aotiona  of  tha  head  art 
tranaduoad  into  naural  aMaaagaa  by  tha  and-organa  of  tlia  vaatibular  ayataai.  Whan 
valuta  for  paramtara  in  difta.’antial  aguationa  appropriata  for  tltaaa  Itinda  of  aanaa 
organa  hava  baan  obtainad,  than  pratiiction  ot  raaponaaa  to  any  aat  of  initial  eondltlona 
and  any  aat  ot  aecalarationa  can  ba  nada  and  taatad  through  a^ropriata  axparlatanta. 

In  thin  way,  huaaolari  at  al.  aou^t  to  ainiuiaa  ditfaraneaa  batwaan  parcalvad  antiona 
la  aalaetad  aircraft  aanauvara  and  aiaulatad  awnauvara.  Thua,  tlkair  andal  waa  ganaral- 
la^lo  to  a  nuahar  ot  antion  eenditiona,  althouf^,  aa  thay  indicated,  nota  coaplax 
aodala  would  ba  naadad  to  aubatuM  tho  aany  affacta  of  cantral  odaptiva  aachaMlaaa  and 
intogratlon  of  Inforwwtlon  '  oa  othar  aanaory  ayataaM.  Tha  nodal  of  Pran)(  and  Caaall 
waa  an  aapi^ical  atatlaticai  modal  baaad  upon  ragraaalon  a<iuationa  and  tho  aapirleal 
aaaoaaaant  of  raaponaa  varlanca  aecountod  for  by  aavaral  indapandant  variablaa.  Thla 
nodal  waa  taaad  up.'wi  aubatantlal  data  eollaetod  fron  a  particular  ainuiator.  Pranlt  ai>d 
Caaall  augMatad  caution  in  applying  thalr  darlvad  nodal  to  otiiar  alnulatora.  although 
thay  antlupato  that  "tha  ganoral  ralationahip  batwaan  tha  dapandant  variablaa  and  thair 
ragraaaora  would  bo  aubatantlally  tho  aaan*  tor  othar  alnulatora.  While  thaao  two 
approadtaa  to  nodallng  ara  very  dlffarant,  it  la  intaraatlng  to  nota  that  Buaaolarl  at  al. 
uaad  raaulta  oC  an  aapltleally  darlvad  andal  to  validate  thwlr  nodal. 


Tha  papara  by  Howard  at  al.  (Papara  IS  and  14)  and  Krlabal  at  al.  (Paper  10)  wara 
aoanwhat  related  In  that  thay  daalt  with  InfotMtlon  fundanantal  to  undaratandlng  par- 
oaptual  raaponaaa  In  alnulatora,  but  thay  did  net  daal  apaeifically  with  alnulatora. 

On  tha  otlwir  hand,  PaMr  11  by  Caaall  and  Paper  13  by  DaHayn  at  al.  provided  inforaation 
on  evaluation  of  alnulatora.  Both  of  tliaaa  papara  could  aaaily  ba  oroupad  with  the 
papara  of  PoBalon  TI.  The  paper  by  Caaall  provided  a  aubatantlal  raviaw  of  aavaral 
topiea  laiportant  to  -“^la  ayapoalun.  The  pa^r  by  Bllla  at  al..  Paper  14,  daalt  prl- 
narlly  with  Inforaation  tcar.anlaalon  through  novel  dlaplay  inatrwenta,  but  it  alao 
dlacuaaad  potantial  prcblaua  of  haad-flxad  dlaplaya.  Bllla*  Intaraat  and  baclcground 
in  thia  area  wara  ravaalad  by  hla  earlier  guaatlona  to  Nooij  ooncaming  tha  practicality 
of  haad-alavad  varaua  aya-alavad  araa-of- Intaraat  dlaplaya. 

Tha  third  aaaalon  began  with  tha  paper  by  Buaaolarl,  Young,  and  laa,  praaantad  by 
Young,  on  tha  uaa  of  vaatibular  aodala  for  deaign  and  evaluation  of  fiiglit  ainuiator  notion. 
Tho  fundanantal  idea  la  to  uaa  a  nodal  for  predicting  Mtlon  parcaptiona  in  order  to 
raproduoa  (aa  eloaaly  aa  poatlble)  in  tha  ainuiator  pilot  tha  parcaptiona  of  t)>a  air¬ 
craft  pilot.  Valuaa  for  paranatara  In  tha  nedaia  for  predicting  aanlelrcular  canal 
and  otolith  raaponaaa  ware  derived  fron  atudiaa  of  raaponaaa  of  vaatibular  prlnary 
affaranta  aa  oppoaac'  to  aalacting  paranetar  valuta  baaad  upon  andorgan  anchanica  or 
pareaptual  tranafer  funetiona. 

Particular  flight  nanauvera  wata  aalaetad  for  alnulatlon  in  two  alnulatora,  the 
Vertical  Notion  Slaulator  (vm)  and  a  Booing  727-200  flight  ainuiator,  both  located 
at  NhM  Anna  heaaarch  Center.  Pour  NASA  teat  pilota,  currant  in  VTOb  aircraft  and 
with  aapariaaca  in  Uta  VNS,  participated  lu  a  atudy  evaluating  alnulatlon  of  aalaetad 
VTOL  nanauvarai  and  IB  air  tranaport  pilota,  currant  in  tha  Boeing  727,  participated 
in  a  atudy  of  ainulation  of  aalaetad  Boeing  727  nanauvaia. 

Within  t)ia  llaita  of  tha  obaarvatlona ,  tha  nodal  approadi  provided  notion  drive 
logic  that  waa  eoaporabla  in  regard  to  pilot  parfomanoa  and  ratiaga  of  ainuiator 
aootptabili.ty  to  an  anpirloally  optiniaad  waahout  ayatan  pravloualy  davalopad  at  NAM 
Anna.  An  inportant  point  of  thia  paper  waa  that  for  aena  tvMa  of  aireraft  and  for 
alnulaticn  of  aalaetad  nanauvera,  llnitad  uotioa  baaa  oapability  appaara  adequate  for 
training  porpoaaa. 

Data  reported  in  t)ie  paper  lay  Kriabal  at  al.,  praaantad  by  Kralbal,  related  apa- 


. -ws|  '1  nvi, 


clttcAlXy  to  v«atlbuXar*«vok*d  ratboitM*.  Bvck*4  naponaaa  tacordad  tram  normal  aub- 
jaeta  and  troai  a  aubjaet  mlthout  vaatlbular  (unction  aara  eoaparad.  Stimuli  compriaad 
ahnia<body  aiauaeidai  oaoiliatioiA  at  0.4  Ha  with  paak  ualooitiaa  above  and  baloa  aub* 
Jovta*  pareaptual  thtaaholda.  Abaanea  of  ainuaoidal  eortieal-avokad  raapanaaa  in  tha 
patiant  lad  to  tba  eonaluaion  that  tha  ainuaoidal  variation  in  cortical  potantiala 
racordad  from  normal  aublaeta  maa  atainly  of  vaatlbular  oripin.  Hewavar,  tha  authors 
vara  claarly  awara  of  tha  eonvarqanea  of  kinaathatic  and  aomatoaanaory  projactiona  in 
tha  araa  idantifiad  in  aarliar  aniauil  studiaa  aa  tha  priaAry  ■w:JLibular  cortical  pro* 
laction  araa.  Tha  authora  than  daacribad  naurological  ayatana  and  naurophyaiolo^ieal 
funeticna  involvad  in  tha  pareaptlon  and  control  of  motion  in  avary.tay  Ufa  aa  a  way 
of  praaantino  tna  ccaplaKity  of  tha  ayatan*  ehallan^ad  by  adjuatmant  to  flight  aimu- 
latora. 

Tna  paper  by  caaali  and  kLank,  praaantad  by  Caaali,  provided  an  oxcallont  tabular 
aummaty  of  a  waimr  of  aimulator  atudlaa  including  atudiaa  of  vehicular  alnulatora.  in 
conaidaring  etiology,  tha  authors  indicated  that  it  it  difficult  to  target  aimulator 
daalgn  charaetariatlcs  that  induce  aiatulator  aicknaaa.  McaMvar,  they  provided  a  aunmary 
of  variables,  soma  aimulator-apaeitic  and  others  derived  from  evaluation  of  a  number  of 
aimulatora  that  have  bean  idantx.’iad  aa  contributors  to  simulator  aicknaaa.  Tha  pri¬ 
mary  thrust  of  this  paper  was  a  rowiaw  of  ayag^temat  slogy  maaauramant  with  tha  objective 
of  providing  guidance  regarding  promising  maaauraa  for  future  studies.  Salf-raport 
maasuraa,  notion  aicknaaa  quaationnairaa,  phyaiologlcal  maaauraa  including  eardiovaacular 
activity,  raapiration,  skin  raaiatance/conductanca,  efforts  to  maaaura  pallor,  facial 
tamparatura,  and  maasuraa  of  gaatrointaatinal  activity  ware  diacuaaad  along  with  poatural 
Btability  maaauraa. 

Prank  and  Caaali  evaluated  affacta  of  transport  delays  of  tha  motion  ayatam  and  of 
tha  visual  motion  ayatam  in  a  cumputar-controllad  automobile  aimulator  with  a  4  dagraa- 
of-fraadom  visual  ayatam.  Of  particular  interest  in  this  study  was  whether  or  not  tha 
visual  motion  aubayatam  should  lead  or  lag  tha  motion  base  aubayatam. 

Tha  results  Indicated  *a  linear  ralationahip  between  increased  vestibular  distur¬ 
bance,  degraded  performance  and  increases  in  delay,*  where  delays  ware  0,  170,  and  140  ma. 
With  asynchronous  delays,  results  indicated  that  the  visual  acene  movement  should  pre¬ 
cede  motion  base  movement.  Dependant  variables  included  driving  performance  measures, 
physiological  staaaurea  (skin  resistance,  pallor,  respiration),  measures  of  postural 
stability,  and  a  aimulator  sickness  severity  index. 

The  paper  by  DaHeyn  at  al.  (Paper  111  in  the  Program) ,  the  fifth  paper  of  this 
session,  examined  two  simulator  acanarloa  for  the  presence  of  horisontal  nystagmus  and 
for  aimulator-lnducad  sickness  in  12  F-lC  pilots  during  training  in  a  flight  simulator. 

In  addition,  11  pilots  responded  to  an  anonymoua  quaationnaira  concerned  with  symptoms 
during  and  after  simulated  flight.  Little  or  no  nyatagmua  was  detected  during  various 
maneuvers  in  the  simulated  flights.  Many  aye  movements  occurred  during  tha  engine 
start-uD  and  landing  segments  of  eech  scenario,  very  probably  saccades  associated  with 
gate  ahifta  required  to  perform  these  particular  tasks.  The  possibility  that  vertical 
and  roll  eye  movements  may  have  occurred  during  some  segments  of  the  scenarios  would  not 
I  have  been  sufficiently  revealed  by  tha  recording  procedures  used.  Eye  movements  ap- 

I  parently  were  net  recorded  in  darkness  before  or  after  the  simulator  exposure. 

I  Symptoms  of  simulator  sickness  during  simulation  were  reported  by  39t  (12  of  31) 

'  of  the  pilots,  age  range  23-40  years,  apparently  with  a  preponderance  of  reports  from 

)  older,  more  experienced  pilots.  Of  the  pilots  reporting  symptoms,  37%  indicated  per- 

;  siatence  of  symptoms  (post-simulator)  for  about  IS  minutes,  16%  for  up  to  2  hours)  one 

j  pilot  had  to  interrupt  his  training  program  due  to  persisting  effects. 

Kaaults  of  the  symptom  survey  were  comparable  to  results  obtained  by  other  Investi- 
t  gators.  He  evidence  was  obtained  for  relationships  between  characteristics  of  oculomotor 

i  contro!  and  simulator- Induced  effects,  although  visual  suppression  could  have  prevented 

I  detection  of  anomalous  ays  movement  patterns  isssedlately  following  simulator  exposure. 

The  sixth  paper  of  Session  III,  Paper  114  in  the  program,  was  presented  by  Ellis. 

I  Technological  advancea  permit  hlgh-perfonaar.ee  3D  computer  graphics,  which  provide  aero¬ 

space  designers  with  new  flexibility  for  creating  interactive  information  displays. 

I  The  authors  provided  examples  of  geometric  enhancement  and  symbolic  enhancement  of 

’spatial  Instruments*  and  described  an  experiment  illustrating  how  selected  symtellc 
r  enhancements  can  provide  qualitative  and  quantitative  li^rovement  in  pictorial  coimnunl- 

catlon.  I.tformatlon  enhancement  in  head-mounted  displays  is  likely  to  yield  results 
different  from  those  that  would  be  obtained  from  the  same  display  information  obtained 
from  panel-mounted  displays.  With  head-mounted  displays,  tha  normal  vestlbulo-ocular 
reflax  (VOR)  would  be  counterproductive  unless  VOR  stabilisation  of  the  eye  relative  to 
a  fixed  point  in  apace  is  somehow  eompenaated  by  imago  movement  in  t))e  display.  Such  a 
viewing  situation  requires  'careful  calibration  to  insure  perceptual  stability.*  Fail¬ 
ure  to  achieve  sufficient  perceptual  stability  with  head-fixed  displays  can  produce 
nausea.  This  part  of  the  paper  by  Ellis  et  al.  should  be  considered  in  relation  to 
Noolj's  coMents  on  head-slaved  area-of-interest  displays. 

The  authors  uuggested  several  forms  of  information  enhanceamnt  that  appear  feasible 
for  heed-sounted  displays,  and  concluded  that  *the  develqpment  of  spatial  instruments  is 
limited  not  by  our  manufacturing  capabilities,  but  by  our  imagination  and  by  our  under¬ 
standing  of  human  spatial  perception.* 
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Tha  last  two  papart  of  Saaalon  III,  praaantad  by  Howard,  daalt  with  aanaationa  of 
aolf-mctiun  (circular  vactlon  and  linear  vaction)  and  tilt  induoad  by  moving  visual 
fluids.  In  tha  studlaa  dascribad  in  Pi^ar  IIS,  tha  moving  displays  flllad  tha  antlra 
visual  fluid,  subjects  wara  awara  that  thair  chairs  and  llttars  could  be  rotated  Inda- 
pandently  of  the  visual  surrounds,  and  efforts  ware  made  to  minlmlsa  somasthatlc  cues. 

The  apparatus  permitted  stimuli  for  pitch,  roll,  or  yaw  vactlon  about  either  a  vertical 
or  horisontal  axis.  As  expected,  vertical-axis  vaction  was  consistently  stronger  than 
horlsor4tal-axis  vactlon.  For  both  vertical  or  horisontal  axes,  yaw  vectlon  was  stronger 
than  pitch  vectlon,  which  was  stronger  than  roll  vectlon.  For  horliontal-eucls  vectlon, 
there  was  v.  strong  asymmetry  of  illusory  body  tilt  in  pitch  with  tilt  backward  stronger 
than  tilt  forward.  Thera  appears,  however,  to  be  discrepancy  in  the  text  and  Figure  4 
regarding  aaysanetry  in  tha  magnitude  of  pitch  vectlon.  Magnitude  of  perceived  tilts 
about  the  horisontal  axis  during  vectlon  exceeded  magnitudes  previously  reported,  pos¬ 
sibly  as  a  result  of  the  large  visual  field,  the  reduced  sonesthatic  cues,  and  tha  sub-  | 

ject  being  "primed  to  expect  the  body  to  rotate."  i 

The  second  paper  presented  by  Howard  examined  the  contributions  of  various  factors  I 

(such  as  background  versus  foreground  motion,  central  versus  peripheral  motion)  to  \ 

vectlon  geneiatlon  with  competing  moving  displays.  In  general,  the  authors  explained 
their  flndlnts  in  both  papers  on  a  "common  sense"  basis,  such  as  the  frequency  of  occur-  j 

rerce  and  reliability  of  visual  cues  to  whole-body  motion  in  the  daily  experience  of  | 

natural  motion  relative  to  the  Earth. 

The  fourth  session  consisted  of  twn  papers  and  a  Sound  Table  Discussion.  Neither 
paper  dealt  directly  with  problems  of  simulator  sickness,  but  both  were  concerned  with  ' 

adaptation  to  conditions  that  produce  sensory  rearrangement.  According  to  the  theoreti¬ 
cal  viewpoint  presented  by  Benson  in  Session  I,  motion  sickness.  Including  simulator- 
induced  motion  sickness,  is  one  of  the  consequences  of  adaptation  to  sensory  rearrange¬ 
ment. 


The  paper  by  Norre'  (Paper  17)  focused  on  sensory  mismatch  (l.e.,  sensory  rearrange¬ 
ment)  produced  by  peripheral  vestibular  disorder,  in  particular,  perioheral  vestibular 
disorders  tnat  produce  vertigo  provoked  by  movement.  His  method  for  treating  selected 
patients  consisted  of  repetitive  exposure  to  the  provocative  motion  that  Induces  vertigo 
it  was  based  upon  research  indicating  that  vestibular  adaptation  or  habituation  is  highly 
specific.  Norre'  reported  success  in  the  outcome  of  his  treatment.  From  this,  he  recom¬ 
mended  that  sensory  mismatches  produced  in  simulators  should  closely  resemble  those  in 
flight. 

The  paper  by  Parker  and  Reschke  described  an  effort  to  ^eadapt  individuals  to  a 
sensory  rearrangement  that  occurs  in  space  flight.  The  inte  n  was  to  closely  repro¬ 
duce  visual-vestibular  mismatches  that  occur  in  welghtlessnei  uid,  by  preadaptation  to 
this  sensory  rearrangement,  to  provide  a  method  for  reducing  u.sturbance  in  space 
flight. 

Norre' 8  recommendation  and  the  fund2nnental  idea  pursued  by  Parker  and  Reschke  are 
in  many  respects  related  to  the  work  of  Bussolari  et  al.  (Paper  9),  who  sought  to  match 
perceptual  experiences  in  flight  by  the  use  of  vestibular  models  for  the  design  (and 
evaluation)  of  flight  simulator  motions.  As  indicated  above,  )90th  papers  were  also 
based  upon  the  fundamental  theoretical  viewpoint  presented  by  Benson  (Paper  3) . 

The  Round  Table  Discussion  centered  on  several  points  that  were  ralst  d  during  the 
course  of  the  symposium.  The  points  listed  for  discussion  were) 

1.  Symptom  checklists  by  various  investigators  used  in  evaluation  of  simulator 
slcknens  Include  symptoms  that  are  also  effects  of  conditions  other  than  motion  sick¬ 
ness.  If  nausea,  stomach  awareness,  or  vomiting  are  not  among  sj'irptoms  listed,  should 
check  marks  on  other  symptoms  be  Included  as  signs  of  simulator-induced  sickness? 

2.  Simulator- Induced  after-effects  have  been  reported  and  have  been  a  cause  of  sub¬ 
stantial  "down-times"  between  simulator  training  sessions  and  return  to  real  flight.  If 
equivalent  symptoms  are  present  after  real  flight,  is  there  renson  for  "down-times" 
after  simulator  sessions  that  are  longer  than  those  required  after  real  flight? 

3.  In  the  past,  there  were  a  number  of  reports  indicating  that  the  "experienced 
pilot"  is  more  disturbed  than  "the  novice"  by  simulator  training,  yet  we  have  had  several 
papers  that  seemed  to  question  this  rather  generally  accepted  belief. 

4.  Some  studies  have  indicated  relationships  between  motion  sickness  history 
questioimaires  (N8HQ)  and  simulator  sickness,  whereas  others  have  not  foimd  significant 
relationship. 

5.  Several  apaakers  suggested  that  increased  fidelity  of  the  visual  display  in 
simulators  is  related  to  Increased  Incidence  of  simulator  sickness.  Is  this  generally 
accepted? 

6.  Discuss  visual  versus  motion-base  phase  loads  in  relation  to  time  lags  in 
visual  perceptions  and  visual-vestibular  interactions. 

Because  of  the  length  of  discussions  of  Points  1,  2,  and  3,  Points  4  and  6  were 
emitted  from  the  Round  Table  Discussion. 
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In  oonnaotloii  with  Polnc  1|  aavaral  apaakars,  #>9.,  Kannady,  llstad  cluatara 
of  aymptoma  that  aarvad  to  aaparata  al^na  of  alclcnaaa  from  affacta  that  commonly  accom¬ 
pany  aioknaaa  (aomatiniaa  callad  <  ovart  Indlcatora  of  motion  alcknaaa)  ,  but  ara  also  clearly 
aaaoclated  with  other  rauaal  conditioner  t!av<>rthalaaa ,  thla  point  remained  a  concern 
of  the  audience,  at  la  obvloua  from  the  ccamenta  In  the  Round  Table  Dlacuaalon. 

The  aecond  point  was  repeatedly  raiaed,  particularly  by  Benaon.  Have  the  after- 
effecta  of  real  flight  been  atudled  aufflclently  to  place  the  aftbr-effects  of  simu¬ 
lator  training  In  proper  perapectlvo? 

The  third  point  la  Important  becauae  it  la  central  to  the  neural-mismatch  ( syno¬ 
nyms  1  aenaory  rearrangement,  sensory  conflict,  cue  mismatch,  sensory  mismatch,  con¬ 
flict,  etc.)  theory  of  motion  sickness.  The  experienced  pilot  would  be  expected  to  be 
more  disturbed  than  the  novice  by  Inadequaclea  of  the  simulator.  The  Round  Table  Dis¬ 
cussion  ssrved  to  resolve  differences  between  studies  on  thla  point. 

The  fourth  point  was  omitted  from  discussion.  Differences  In  results  between 
studies  are  probably  due  to  differences  In  the  MSHQ  used  and  differences  In  the  range 
of  effects  found  In  the  simulators  studied.  Range  of  effects  discerned  may  be  attribu¬ 
table  either  to  the  simulator,  kinds  of  subjects,  or  (perhaps  more  Importantly)  to  the 
method  of  survey,  as  Kennedy  indicated  during  the  Round  Table  Discussion. 

The  fifth  point,  discussed  thoroughly  during  the  Round  Table  Discussion,  will  not 
be  elaborated  here. 

The  sixth  point  was  not  opened  for  discussion  during  the  Round  Table,  although 
comments  relevant  to  this  topic  were  made  by  Young  in  the  course  of  discussion  of 
other  points.  Factors  Influencing  latency  and  magnitude  of  perceived  motion  following 
onset  of  visual  motion  are  Important  In  simulation,  and  some  fundamental  information  was 
provided  In  Papers  IS  and  16  by  Howard  et  al.  Paper  12  by  Frank  and  Casall  dealt  with 
this  topic,  but  the  door  was  only  slightly  opened  In  this  symposium.  Relative  dominance 
of  the  visual  and  vestibular  systems  In  regard  to  eye  movement  control,  as  well  as  per¬ 
ceptual  effects.  Is  frequency-dependent  and,  to  some  degree,  magnitude-dependent.  This 
point  could  easily  be  the  topic  of  a  major  symposium. 

6 .  CONCLUSIONS 

6.1.  Simulator- induced  motion  sickness  and  many  of  tti'i  effects  of  simulator 
training  are  areas  of  legitimate  concern)  continuing  research  Is  needed. 

6.2.  Examination  of  simulator-induced  effects  In  clusters  (e.g. ,  vestl’oular, 
gastrointestinal,  visual)  appears  to  be  a  useful  aid  In  the  diagnosis  of  specific 
simulator  problems. 

6.3.  Effects  during  and  after  simulator  training  sessions  should  be  evaluated 
In  relation  to  effects  during  and  after  real  flight.  Dlaturblng  effects,  such  as 
fatigue,  headache,  and  dizziness,  are  common  covert  signs  of  motion  sickness,  but  when 
their  incidence  in  simulators  essentially  reproduces  Incidence  In  real  flight  (of 
comparable  duration  and  flight  profile)  then  they  are  not  necessarily  signs  of  poor 
simulation  and  may  be  signs  of  good  simulation.  They  also  may  l)e  Indications  that 
new  display  Instruments,  whether  In  simulators  or  In  aircraft,  should  be  further 
evaluated. 


6.4.  In-depth  studies  of  the  duration  and  magnitude  of  the  after-effects  of  simu¬ 
lator  training  In  the  course  of  a  sequence  of  simulator  training  sessions  are  needed. 

6.5.  Efforts  to  standardize  data  gathered  In  simulator  evaluations  are  desirable 
in  order  to  enhance  possibilities  for  shared  data  bases. 

6.6.  Unwanted  simulator-induced  effects  tend  to  decrease  with  repeated  simulator 
training  sessions.  (One  study  Indicated  Increasing  problems  with  ataxia  while  other 
symptoms  diminished.)  Usually,  reduction  of  unwanted  effects  Is  advantageous  for 
training.  However,  behavior  during  simulator  training  must  be  studied.  For  example, 
adaptation  to  a  simulator  by  learning  to  restrict  *'ead  movements  would  be  dangerous 
training  for  a  crew  member  whose  combat  performance  depends  upon  wide-fleld  visual  scan. 

6.7.  Current  and  future  trends  In  simulator  design  center  around  new  developments 
In  computer-generated  Imagery  to  meet  demands  for  large  fields  of  view  and  hlgh-resolu- 
tlon  visual  images.  High  resolution,  particularly  when  produced  by  head-slaved  or 
head/eye-slaved  area-of-lnterest  techniques,  must  be  carefully  evaluated  for  unwanted 
simulator  training  effects.  Including  simulator-induced  motion  sickness. 

6.8.  Eye-slaved  area-of-lnterest  displays  are  of  particular  concern  due  to 
artifacts  In  most  feasible  methods  of  eye  movement  measurement. 

6.9.  Shifts  In  gaze  that  yield  apparent  changes  In  depth  may  Introduce  discrep¬ 
ancies  between  reflexive  visual  focus  mechanisms  and  feedback  of  cues  from  the  visual 
display. 


6.10.  Area-of-lnterest  shifts  In  gaze  involving  head  and  eye  movement  activate 
several  mechanisms  of  oculomotor  control.  Together  these  mechanisms  produce  a  gaze 
shift  of  remarkably  constant  velocity  to  the  area  of  Interesu,  and  then  stabilization 


nil 


of  th«  oy*  on  th«  arna  of  Intaraat  daaplta  ongoing  ohangaa  In  tha  angular  valooity  of 
tha  haad  and  of  tha  aya  during  tha  gasa  ahlft  prooasa  (4).  Coordination  batwaan  scl- 
antiatBr  familiar  with  maohanlama  of  gaaa  oontrol,  and  anginaars  daaignlng  araa-of- 
Intarast  dlnplaya  la  important  for  affloiant  optlmliation.  Similar  coordination  ia 
highly  important  for  affielant  davalopmnt  of  haad-flxad  diaplaya. 

6.11.  In  ganara^,  piloba  with  aubatantial  flight  axparianca  in  tha  aircraft  balng 
alnulatad  ara  mora  diaturbed  by  aimulation  inadaquaclaa  than  individuals  without  flight 
axparianca.  Baaulta  saamlngly  at  variance  with  thia  conclualon  appaarad  to  ba  raaolved 
during  tha  maatlng. 

6.12.  To  Improva  tha  aclanca  of  aimulation,  mora  aolantifio  information  la  neaded 
on  faotora  influanoing  tha  onaat,  magnitude ,  and  direction  of  paroaptlona  of  salf-motlon 
and  attlbuda  ralativa  to  tha  larth  in  aircraft  and  in  Blmulator-faaaibla  conditions. 
Important  aubtoplca  Includa  tha  dynamics  of  paroalved  motion  as  influenced  by  a)  vlsual- 
vestlbular-scmasthetic  Interactions,  b)  force  fields  encountered  in  aircraft,  and  c) 
voluntary  initiation  of  motion. 

6.13.  Models  of  the  dynamics  of  the  human  vestibular  system  appear  to  be  useful 
in  the  design  and  evaluation  of  selected  flight  simulator  motions.  More  complex  models 
will  be  required  for  mora  general  application. 

6.14.  Empirically  derived  models  are  useful  in  evaluation  of  the  effects  on  per¬ 
formance  of  changes  in  simulator  characteristics,  in  optimising  motion-base  washout 
dynamics,  and  in  validating  predictions  from  models  derived  from  a  systems  engineering 
approach. 

7 .  RBCOHMEMDhTIONS 

7.1  An  Invited  speaker  from  the  AiQAXD  Flight  Mechanics  Panel  made  a  substantial 
contribution  to  this  symposium.  Future  symposia  of  the  AGAKD  Aerospace  Medical  Panel 
should  continue  the  practice  of  inviting  members  of  other  AGARD  panels  whose  missions 
are  relevant  to  the  symposium  topic. 

7.2.  A  working  group  bo  develop  standards  for  evaluation  of  aeromedlcal  simulator 
effects  is  recommended. 

7.3.  A  syn^oslum  on  factors  influencing  the  dynamics  of  perceived  motion  and 
orientation  relative  to  the  Earth  is  recommended. 
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BUMMX 

Itw  U.S.  Navy  has  conductad  a  aurvay  In  10  flight  trainars  Mhara  notion  azparlanca  guaitlonnalraa 
and  pc'fomanca  tatta  uara  adnlnlatarad  to  pilots  bafora  and  aftar  sona  1200  saparata  azpoauras.  Froa 
thasa  aaasuras  on  plloti,  savnral  findings  auargadt  a)  apaclflc  hlstorlat  of  notion  slcknass  sara 
pradlctlva  of  slaulator  aleknasa  syuptcnatologyt  b)  postural  agulllhrlui  was  dsgradsd  aftar  hops  In 
son;>  slaulatorsi  c>  salf-raports  of  nation  slcknass  synptoaatology  ravsalsd  thraa  najor  synptoa 
clustarsi  gastrolntsatlnal,  visual,  and  vastlbulari  d)  cartaln  pilot  azparlancas  In  slnulatora  and 
aircraft  wars  ralatad  to  savarlty  of  synptons  axparlaneadt  a)  alaulator  slcknass  Incldancst  varied  fron 
10-<0%i  f)  substantial  parcaptual  adaptation  occurs  over  a  sarlas  of  hops;  g)  In  two  novlng-basa  flight 
trainars  notion  slcknass  Incldanca  appaarad  to  ba  ralatad  to  tha  anount  of  accalaratlon  (anargy) 
axparlancad  In  frsquancy  rangas  around  0.2Hz. 

Tha  findings  ara  dlacusaad  In  tha  contazt  of  sansory  conflict  theory  and  rac-  nandatlons  ara  nada 
for  alaulator  design  criteria,  suggestions  ara  nada  for  how  to  relate  sinulator  and  aqulpnant 
configuration  to  tl i  saparata  synptoa  clusters  as  an  aid  to  diagnosis  of  specific  problans  within 
particular  sinulators.  Ha  baliava  this  holds  pronlsa  In  diagnosing  alaulator  aqulpawnt  problans  (a.g., 
allgnsunt.  Inertial  notion  profile,  cue  asynchrony)  since  different  synptoa  clusters  nay  ba  ralatad  to 
different  egulpoant  features. 

PRBFACB 

Tha  use  of  ground-based  flight  aiaulatora  for  training  is  growing  rapidly  because  sinulators  penal, 
training  to  occur  safaly  and  at  lower  cost  [71,  72,  73].  Sinulators  nay  ba  used  to  train  tasks  which 
ara  difficult  or  Inposslbla  to  train  in  tha  aircraft,  and  sinulators  ara  as  nuch  as  10-30  tlnas  nora 
available.  In  tha  past  10  years,  tha  U.S.  Navy  and  Marina  Corps  have  fielded  many  sisnilators 
Incorporating  scphlstlcatad  conputar  graphics,  with  wide  flalds  of  view  and  conplex  notion  systans. 
With  tha  increased  availability  of  such  devices,  reports  of  alaulator  slcknass  also  ssan  to  occur  with 
graatar  frequency,  with  amad  forces  In  tha  U.S.  [9,  33,  38.  82]  and  Canad-  [87]. 

SlBUlator  sickness,  a  problem  first  recognized  30  years  ago  [28,  83],  resenbles  notion  slcknass 
synptoaatology.  The  problaa  has  resurfaced  in  various  reports  slnca  than,  notably  Barrett  and  Thornton 
[1],  Reason  and  Dies  [77],  Pulg  [78],  Ryan.  Scott,  and  Browning  [76].  Tha  history  of  simulator 
slcknass  research  has  been  ravlawsd  In  severe  reports  [S,  8,  13,  39,  40,  58].  These  ravl'vs  generally 
partition  tha  adverse  effects  of  slaulator  slcknass  to  thraa  aaln  elissas: 

•  Safety  and  Healt)|  T^mUrattons  -  BxamplaB  Include  Visual  aftereffects  [33],  loconotor  ataxia 
[8],  physiological  discomfort  [38],  and  Interference  with  higher  order  sansory-notor  functions 
[57]. 

•  Training  -  An  Increased  occurrence  of  slaulator  sickness  threatens  the 
long-term  utility  of  ground-based  flight  trainers  as  Integral  components  In  military  and 
civilian  flight  training.  Distrust  and  apprehsnslon  nay  develop  among  users  of  particularly 
troublasoma  simulators,  limiting  their  training  effectlvanasv.  Thera  Is  also  a  possibility 
that  pilot  trainees  may  adopt  perceptual-motor  strategies  to  avoid  sickness  In  tha  simulator 
that  will  rasult  In  poor,  even  nagatlve,  transfer  of  training  to  tbu  alrcreft.  Posteffects 
nay  restrict  pilots  In  their  subsequent  training  activities. 

•  Readiness  TmUraHons  -  It  nay  also  ba  necessary  in  some  cases  to  restrict  postslmulator 
flight  activities  of  aircrew  who  experience  sufficiently  profound  sysptoms  of  sickness  and 
disorientation,  thereby  diminishing  their  operational  readiness.  This.  In  turn,  may  limit 
overall  operational  affectlvanass.  Simulator  aftereffects  nay  sveii  place  the  person  directly 
at  risk  In  other  posttraining  activities  (a.g.,  driving). 

Simulator  slcknass  Is  defined  both  by  the  content  In  which  It  occurs  and  by  the  symptom  clustarlng: 

•  operational  -  Simulator  slcknass  Is  that  condition  where  pilots  suffer  physiological 
discomfort  In  tha  simulator  but  not  while  flying  the  same  noneuvars  In  tha  actual  aircraft. 
Tha  prasanca  of  high  Incldanca  of  simulator  sickness  Implies  that  there  Is  acmathlng  wrong 
with  the  simulation  (a.g.,  out  of  spaclflcatlon  or  alignment,  dynamic  visual  distortion,  cua 
asychrony). 

•  Psychophvsloloalcal  -  Simulator  sickness  Is  a  malady  which  resembles  other  forms  of  motion 
sickness.  Vomiting  Is  tha  cardinal  sign,  while  drowsiness,  dlxzlnass,  and  nausea  ara  Its 
chief  symptoms  [41,  42,  87,  88].  Lass  frequently  raportad,  but  oftan  present,  ara  postural 
changes,  or  ataxia,  sonatinas  referred  to  os  ’leans*  or  'staggers'  [8,  15,  17].  other  signs 
Include  changes  In  cardiovascular,  rssplratory,  gastrointestinal,  blochanlcal,  and  tonparaturs 
regulation  functions  [7,  80,  81,  88].  Other  symptoms  Include  general  discomfort,  apathy, 
dejection,  hsodacha,  stomach  awareness,  disorientation,  lack  of  appetlta,  desire  for  fresh 
air,  weakness,  fatlgua,  confusion,  and  occasionally,  flashbacks  and  Incapacitation.  Symptoms 
which  are  particularly  characteristic  of  simulator  sickness  Include  pallor,  sweating, 
salivation,  and  eyestrain. 
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Ootirid  to  othor  Ions  ot  Botlen  •lekiMM,  vtauallr  rolotid  dUturbmeoi  or*  Boro  prtvolont  thn 
tho  iMuramtotdttvo,  yot  lyptou  or*  ittll  ymont  In  eixad-bnsod  ■iMUtors  u  mil  as  In  slaulators 
with  Mtlen  basts.  It  is  (sit  that  voetlM.  tht  wisually  inditead  lavrsssion  of  fait  notion,  Is  an 
layortant  (and  latyba  a  nacaaaaiy)  condition  tor  slcknass  In  fUad-baaa  slaulators.  slnulator  slcknass 
raaanblas  dlsturbcncas  sub.iaets  osparlanea  whan  waarlnt  rovarslng,  displacing,  or  inverting  Iwnaaa 
(Ml,  and.  to  a  lessor  astant,  astronauts'  uvarlaneas  with  tha  space  adaptation  syndrone  [29,  75[. 

•acause  of  tha  slnllarlty  between  ataailator  slcknass  and  notion  sickness.  It  would  loan  that 
charactaristles  of  the  notion  anvlronnant  nay  be  a  eontrlhutlng  factor.  However,  we  were  abla  to  find 
only  one  study  CM]  which  entnlnad  nan-ln-the-leop  and  laoordad  the  notion  protllas.  Ihesa  results 
showed  the  presence  of  very  low  tregueney  dynanlcs  but  did  not  connect  their  obtained  findings  with  the 
aceoleratlon  profile  of  shlpo  at  sea  (Sfl,  nor  related  data  for  racoonanded  expoaura  Units  for  such 
vibrations  [10]. 

When  tha  Waval  Mreapeea  Hadlcal  nesaareh  Laboratory  began  their  studies  of  notion  sickness  In  the 
Peneacola  glow  hotatlon  Boon  [Id,  20]  they  nodlflad  the  history  guestlonnalra  of  blrren  [2]  and 
validated  than  agalMt  tht  criterion  of  vonitlng  In  conneetlnn  with  a  standardised  test  [42).  than, 
the  sane  scoring  kty  wet  aoployel  in  a  study  of  student  pilots  to  datsmlns  their  wllllngnm  to  be 
candid  on  such  a  gusstlenntlra  [24],  and  later  this  scoring  key  was  tnployad  to  esanlne  whether  suji 
reapeoase  were  predictive  of  succaas  In  flight  training  [21].  In  gtneral,  the  two  scoring  keys  (notion 
sletaess,  tralnlrg  auoessa)  contained  ovtrlapplng  Itans  and  produced  appreciable  contribution  to  a 
nultlple  re grass Ion  pradlctlcn  equation  [21,  24). 

this  sane  questionnaire  has  been  j  In  several  studies  of  notion  sleknaaa  Including  hurricane 
penetrations  [49]  and  sh.'pa  at  se<i  >waver,  there  has  not  been  an  opportunity  for  a  large-scale 
validation  effort  against  tha  cr<  seasickness  until  the  studies  conducted  on  the  office  of 
Naval  lasearch  Hotlon  Oenerator  Factors  taaearch,  Inc.  [49].  In  these  studies  over  400 
subjects  (nale  and  taaala  college  students)  were  espoaad  to  standardised  conditions  and  brought  to  a 
criterion  of  vonlt  versus  requested  nonparticipation.  This  data  sat  has  been  Itan  analysed  and 
cross-validated  to  produce  a  new  scoring  key  [SS]. 

hn  eight-step  progran  has  bean  initiated  by  the  U.s.  Navy  to  docunant,  explain,  and  alleviate  tha 
problaa  of  slnulator  sickness.  First,  tha  research  literature  was  Integrated  and  coapllad  to  pernlt 
access  and  review  [4,  S,  4,  29].  Second,  a  conference  was  convened  by  the  National  hcadany  of  Sciences 
where  tha  ooMlttea  on  Hunan  Factors  In  the  ooBlsslon  on  behavioral  and  Social  Sciences  and  Nducatlon 
held  a  three-day  workshop,  24-28  Septaabsr  1982,  at  the  Naval  poatgraduate  school  In  Monterey, 
California  [88].  This  workshop  brought  together  experts  fren  the  three  nllltary  services  and  tha 
acadanlc  ooanunlty  to  Idantl^  tha  Initial  research  requlreannts  for  slnulator  sickness.  Tha 
oonfaranca  reooaandatlons  ware:  (a)  to  fomally  survey  the  occurrence  of  slcknass  In  tha  various 
training  davlcas,  (b)  to  datsmlne  the  actual  Incidence  of  sywptonr  In  different  slaulators,  and  (e)  to 
deteralne  whether  any  aqulpnant  features  are  correlated  tilth  a  disproportionate  Incidence. 

Third,  a  survey  was  conducted  of  10  Navy  slaulators  and  an  attaapt  to  create  a  pemanant  data  base 
has  begun.  Fourth,  prellnlnary  analyses  of  sons  of  tbaaa  data  were  aade  available  In  a  series  of 
oansunlcatlona  and  to  a  conference  of  a  crosa-dlselpllnary  teen  of  experts  In  the  areas  of  vision, 
vestibular  function,  slnulator  design,  and  slnulator  usage.  The  transcript  of  this  latter  conference 
[34]  provided  short-tern  solutions  relevant  to  Instructional  strategies  and  operator  usage,  and  longer 
tern  design  nodlflcatlons  were  suggested  as  the  aost  proalslng  aeans  of  preventing  sickness  In 
slaulators  In  the  near  tarn.  Fifth,  tha  suggestions  were  synthesised  Into  a  Navy  field  nanual  [35] 
with  racoanended  procedures  to  alleviate  slnulator  sickness,  additional  docunentatlon  of  these 
findings  Is  available  In  a  sarins  of  aore  than  30  Naval  Training  systaas  Canter  technical  docunents. 

The  purpoae  of  tha  present  report  Is  to  describe  steps  six  and  seven  In  the  progran,  which  entail 
ocapleta  analysis  of  tha  technical  data  base  fron  the  10  slnulators,  and  anesurenant  of  the  Influence 
of  various  Inertial  systaa  profiles  In  two  slaulators  In  order  to  develop  criteria  for  future  Navy 
flight  slnulatlon.  The  eighth  step  Is  being  planned  and  la  concamed  with  the  Identification  of 
characteristics  of  slnulator  visual  displays  that  are  nauseogenlc. 

OBIBUU.  HRMOO 

■xnarlaantal  Plan.  The  survey  was  conducted  over  a  30-nonth  period.  Natt.odologlcal  Issues  were 
addressed  first.  Sreclflcally,  It  was  necessary  to:  1)  develop  a  rellab:.s  aeasu.'a  of  gait  unsteadiness 
during  and  after  slnulator  exposure  [80]i  2)  develop  and  adapt  a  notion  sickness  synptcnatology 
self-report  questionnaire  to  be  eaploy^  for  assesanent  of  pattern  and  severity  of  synptoas  [38];  3) 
develop  a  procedure  to  identify  whether  hunan  perforaance  (cognitive  vn.  notor)  was  adversely  affected 
and  tha  extent  of  perforaance  dacraaant  [51];  and  4)  laprova  ai:d  adapt  tha  scoring  key  for  a  notion 
sickness  history  questionnaire  [44]. 

Bite  Belectlon.  For  the  survey,  the  slnulator  sites  were  selected  to  be  representative  of  tha  Navy's 
current  flight  slnulators  which  possess  visual  aysteas  and  with  respect  to  geographical  area,  aircraft 
type  Blsslon,  and  aqulpannt  features.  The  sn^le  Included  slaulators  with  conputsr-ganerated  Inagery 
and  nodal  boards,  light-source  projection  on  donas,  and  orr-based  systsas.  There  were  approxlaately 
equal  nutbers  of  sites  fron  each  coast,  h  coaparlscn  between  flxsd-wlng  and  rotary-wing  systaas  was 
Intended.  Hapressntatlva  novlng-baaa  and  fixed-base  systaas  were  surveyed.  Noth  operational  flight 
trainers  and  weapons  systaas  trainers  (and  one  weapons  tactics  trainer)  were  Included,  provided  they 
had  visual  systans.  coanunlcatlon  with  the  Navy  basic  training  and  advanced  training  rrssianils  revealed 
alnost  no  reports  of  slclcness  In  basic  training  flight  slaulators,  perhaps  because  few.  If  any,  have 
visual  displays.  Therefore,  slaulators  for  basic  training  were  not  studied. 
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QUUlStl*  *0  tin  •).  mt  poaalbl*,  all  alrcrM  raportint  tor  alaulator  training  at  tha  aalactad  avtaa 
aara  aikad  to  partUlpata.  Burvay  yarioda  varlad  troa  thraa  aaaka  to  thraa  aontha  at  a  alaulator 
alto.  During  ttia  couraa  ot  tha  larga  auraay  and  tlald  atudy  ot  ovar  1400  alaulatlen  tllghta.  only  ona 
Individual  dacllnad  to  Dartlelyato.  Tha  raaultant  pool  of  partlelpanta  Inclulad  a  highly  dlvaraa  group 
ot  (aaatly)  daalgnatad  Havy/Hwlna  corpa  avlatora  uho  tlaw  thaaa  flight  alaulatora  aa  part  ot  thalr 
noraal  dutlaa.  Kll  partlelpanta  vara  judgad  to  ba  la  good  phyaleal  and  aantal  haalth  at  tha  tlaa  ot 
tha  atudy. 


Tha  partlelpanta  vara  brlatad  (uaually  Individually,  but  oeeaalonally  In  groupa)  on  the  natura  and 
purpoaa  ot  tha  aurvay  ena  to  aavan  daya  prior  to  tha  boginning  ot  tha  aaparlnant.  During  tha  brlatlng 
tha  pilota  Mara  raaaaurad  oa  to  tha  oentldantlallty  ot  tha  raaulta  and  cooplatad  tha  ‘Notion  Hlatory 
IhMatlcnaVa.'  lach  participant  eeoplatad  prahop  aNaauraa  Juat  prior  to  tha  alaulator  aaaalon. 
Partlelpanta  vara  eyclad  through  thalr  flight  alaulator  aaaalon  and  poathop  naaauroa  vara  than 
eollaotad. 

tahap-  bch  participant  coaplatad  tha  prataat  anaauraa  IS  to  30  nlnutaa  bafora  baginning  hla 
alaulator  flight.  Tha  prataat  naaauraa  could  Ineluda  tha  ‘Byapton  Chackllat  Quaatlonnalra,*  thraa 
poatural  agulllbrluoi  taata.  and  tha  parfotmanco  taat  battary  ot  paychoantor  and  cognitive  taata. 

PoathoD.  Till  lately  attar  tlnlahlng  tha  aTlator  flight,  partlelpanta  vara  adalnlatarad  tha 
poattaat  uhleh  eonalatad  ot  tha  aaoa  noaturaa  collactad  during  tha  prataat  aaaalon.  Finally,  each 
pilot  waa  Intoraally  Intarvlauad  by  tha  raaaarehar.  Thla  Intarvlaw  Invltad  tha  alrcrav  to  dlacuaa 
axparlancaa  In  tha  alaulator. 

ChHDlDkTI  HUSUMS 

Notion  Slcknaaa  Quaatlonnalra  (wao).  lha  theory  behind  scaling  notion  alcknaas  severity  la  that 
vonltlng.  tha  cardinal  sign  ot  notion  slcknaaa.  Is  ordinarily  pracadad  by  a  ccoblnatlon  ot  synptens 
[56.  62.  66.  85].  Studies  conducted  during  Norld  War  II  by  Professor  Wendt  [66]  fora  tha  historical 
basis  tor  «nrk  In  this  tlald.  In  thaaa  studies.  Wandt  aaployad  a  aalf-raport  aethod  uhleh  used  a 
thraa-polnt  eontlnuua  scale  tor  grading  sickness.  Thla  scale  was  uaad  to  assess  notion  sickness 
synptonatology,  uharaby  vonltlng  uas  rated  higher  than  ‘nausea  ulthout  vonltlng‘  uhleh.  In  turn,  uas 
rated  higher  than  dlacontort.  Wavy  scientists  later  developed  a  Notion  Sickness  Questionnaire  (HSQ),  a 
diagnostic  classification  ayataa.  and  a  flva-polnt  ayaptoaatology  scale  for  research  In  a  slou  Rotation 
Soon  (SRR)  [50]. 

In  a  sarlaa  of  experTnts  to  assess  the  Influence  of  actual  vessel  mtlon  upon  crau  parfomanca. 
physiology,  and  affective  state  [87  ,  86  ,  89  ,  90],  tha  flva-polnt  HSQ  uas  expanded  to  a  sevan-polnt 
syaptcoatology  scale  to  guary  IS  participants  aboard  a  9S-foot  coast  Guard  vassal  regarding  34  systptoms 
noTlly  assoclatad  with  notion  sickness.  Thla  la  tha  approach  used  In  tha  present  study  uhara 
ayaptona  wars  defined  aa  either  ‘Pathogncnonlc*  (vaulting),  ‘Major  Synptons,'  ‘Minor  8yaptoua,‘  and 
‘Other  8ynptaaB‘  for  currant  scoring  (sea  Table  1).  This  classification  schena  la  slallar  to  those 
used  In  previous  axparTnta  [44.  45,  88]  and  even  to  the  16-polnt  scale  [91],  although  one  major 
change  has  bean  Incorporated  for  alaulator  sickness  work,  h  faally  of  visual  syagtoos  (Including 
difficulty  focusing,  visual  flashbacks,  ayastraln.  and  blurred  vision)  was  added  to  the  ‘Blnor‘ 
category,  ha  Indlcatad  previously,  visual  dysfunction  seanad  to  occur  with  greater  frequency  In 
slasilator  sickness  than  In  ott.«r  foras  of  notion  slcknasa.  Lackner  and  Tlaxalrla  [52]  have  suggested 
that  oculcnotor  conflict  bears  a  strong  r«ssBblki'.es  to  tha  perceptual  problans  of  notion  sickness.  We 
followed  thalr  rationale  by  Including  eyestrain  <uid  related  phanenana  In  our  scoring.  h  facslalle  of 
the  racoanandad  Notion  sickness  Quastlonnalra  Is  Included  as  hppandls  h.  additional  Inforaatlon  about 
these  procedures  appears  alsawhara  [43],  Based  on  our  previous  experlances  In  other  studies  of  notion 
sickness  [44,  47  ,  87  ,  88]  with  over  1,000  personally  nonltorad  cases  us  believe  such  an  Index  is  a 
aaanlngful  way  to  express  tha  level  of  dlscoafort. 

Notion  History  Quastlonnalra  (im).  This  questlonnalra  was  used  to  detamlna  aach  subject's 
history  of  exposure  to  various  notion  anvlronnents  and  susceptibility  to  notion  sickness.  It  was 
pattamad  after  tha  Pensacola  Notion  History  Quasticnnalra  davslopad  by  Kennedy  and  Orayblal  [44]  which 
la  an  cnnlbus  anannastlc  fom  that  has  baan  Itaa  analysed,  enplrlcally  validated,  and  cross-validated 
for  the  prediction  of  notion  sickness  against  a  laboratory  procedure  [44]  and  a  ship  notion  alaulator 
[55.;,  In  addition,  mg  scores  are  related  to  fll^t  training  success  [24,  44].  The  MHQ  gives  each 
subject  a  ‘notion  hlatory‘  score  that  ratas  a  subject's  general  notion  slcUnass  susceptibility.  In  a 
pravlous  study  Involving  slnulators  [40]  IWQ  scores  mre  positively  but  not  significantly  ralatad  to 
experienced  sickness.  The  rectsawnded  new  fom  of  tha  mg  for  ptodlctlng  alaulator  sickness  Is  shown 
as  Appendix  s. 

^'ItW-^s^  Perfomanew  Test  Svsten  (APTS).  The  explicit  rationale  for  assesanent  of  huaan 
capabllltlev  In  unusual  or  adverse  anvlronntnts  Is  to  predict  fluctuations  In  the  Individual's  capacity 
to  parfom  Ms  job.  Other  purposes  are  to  oonltor  and  diagnose  the  haraful/undeslrobla  affects  of  the 
envlrcnaant  and  to  assess  tha  effectlvanass  of  practice,  training,  uqulpaant,  and  systan  design.  A 
Havy-apansored  roaaareh  prograa  titled  perfomance  Bvaluatlon  Tests  for  mvlronMntal  Research  (PSTSS) 
hod  a  slallar  goal  [23].  m  that  effort,  a  sat  of  30  tests  of  huaan  cognitive,  perceptual,  and 
paydtJNOtor  eapabllltias  used  to  study  tha  affects  of  ship  sotlon  and  other  anvlronaonts  ware  subjected 
to  an  engineering  analysis.  Tasks  were  categorlxed  es  suitable  for  repaatsd  naans,  variances,  and 
correlations  were  statistically  reliable  under  constant  baseline  conditions. 

The  ‘best‘  of  these  testa  has  been  ccoputarlsed  on  a  portable  alcroprocessor  under  davalopaent 
support  froa  HASA.  This  alcroproeeasor-basad  oattery,  called  the  Autoaatad  Partoraonce  Test  Syataa 
(APTS)  [3]  Is  tha  slxe  of  a  notebook  (9‘x  12*x  2.5‘),  battery  operated,  sits  easily  on  a  lap  or  flta 
Into  a  briefcase,  and  weighs  only  four  pounds. 
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Iha  aleroeoaputar  aaa  uaad  to  amlnlatar  parfoiaanca  tasta  laaadlataly  bafora  and  altar  a  paraon'a 
aiaulator  axpoaura.  Iha  apaclflc  tasta  aara  Pattsm  Ooaparlson.  OriBattcal  Baaaonlnf.  and  Spand  of 
Tapplnf.  Thaas  tasta  hava  baon  flsld  taatsd  ovar  aavsral  rspllcatlons  and  havs  baan  shown  to  hava  tlia 
rasutalta  natr';  proportlsa  for  tha  praaant  purpoas.  Bpaclftcally,  tha  7.5-Blnuta  battsry:  (a) 
adilavas  stability  within  25  nlnutas  of  taatlns,  (b)  has  six  subtssts  with  rstsst  rallablllty 
ooaftielanta  aqual  to  or  yroatar  than  c  «  0.S5  for  aaeh  thraa  alnutss  of  taatlnp.  and  (c)  aaaassas  at 
laast  two  dltforsnt  awntal  factors  and  ana  notor  factor.  Tha  basis  for  tha  battsry  nay  ba  found  In  tha 
aarly  work  on  tha  Pltm  battary  [23].  Mdltlonal  Inforaatlon  about  tha  tast  battary  nay  )w  foun(  In  a 
MMa-sponaorad  study  [51]. 

Tha  total  tins  for  all  tasks  was  approxlnataly  IS  nlnutas.  Tha  cunputsr  has  sslf-adnlnlstsrad 
Instructions  for  aach  of  Its  tasta.  Tha  conputar  battary  conslstsd  of  tna  following  tsstat  (1)  thraa 
lO-sscond  Topping  tasts  using  tha  participant's  prsfarrad  hand  (tha  first  10-sacond  tast  was  practlca), 
(2)  Pattam  Ooaparlaon  for  1.5  nlnutas  (with  2Q  ssconds  of  practlca  bafora  actual  tasting).  (3)  two 
10-sscond  Tapping  tasts  with  ona  flngar  fron  aach  hand  (no  practlca  --  fomat  axactly  Ilka  first 
Tapping  tast).  (4)  Orannatlcal  laaaonlng  for  ona  nlnuta  (with  20  sacunds  of  practlca),  and  (5)  two 
10-sacond  Tapping  tasts  using  tha  subjsct's  noivrafarrsd  hand  (no  practlca). 

nauiiihriiM  Tssts.  TWO  postural  squlllbrlun  tasts.  ona  static  (8tandlng-Un-ona-Lsg> ,  and  ona 
dynanlc  (Valklng  toa-to-Haal) .  wars  ussd  to  assaws  ataxia  os  a  slgn/ayaptca  of  sissilator  slcknssa. 
Thasa  ars  sstabllahsd  tasts  darlvsd  fron  tha  Orayblal-Prsgly  Postura  Tast  [15].  Tha  tasts  wars 
parforand  on  tha  floor  [Id],  in  a  praltnlnary  study,  thasa  tssts  wars  shown  to  ba  otharwlsn  stabla  and 
rallabla.  although  group  parfowsnras  Incraosad  continually  ovot  sasslons  [M].  m  tha 
*ttandlng-0n-0na-Lsg*  tast,  participants  wsra  oskad  to  stand  first  on  tlwlr  *praforrsd  lag*  with  ama 
foldad  across  thalr  chsat  and  ayas  cloaad  for  a  naxtnw  ot  SO  sacends.  Tha  axparlasntar  usad  a  stop 
watch  to  tbaa  how  long  tha  subjact  nalntalnad  tha  stanca  without  losing  balanca  or  davlatlng  fron  that 
pesltlan.  Tha  trial  andad  althar  aftar  tha  30-tacond  tint  llnlt  or  »*Mn  tha  subjact  lost  his  balanca. 
■ach  subjact  parfomad  tha  tost  for  flva  consacutlvs  trials  on  his  prsfarrad  lag,  than  rapaatad  tha 
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on  hl4  nsivratwrad  !•«.  tn  tlw  Mlklni  *IM-tv-NNi*  taat  tM  aubjtct  walked  •  aulaiwi  q(  12 
with  drw  telMd  aergu  his  ehsit  and  ayat  cleaad.  If  tha  tubjart  did  not  touch  hla  toa  with  hit 
hlal,  ha  waa  told  to  atof.  lha  nuabat  of  ataya  to  that  yolnt  was  tacordad  and  tha  taat  rayaatad. 
•oth  tosta  waro  adalnlatarad  to  aaeh  auhject  pro-  and  poathop. 

hftar  Goaplatlon  of  tha  aoln  aurvey.  alaulatort  with  dlfforlnt  Ineldancat  wota  aoupht  In  order  to 
dataiwlna  whathar  character lat lea  of  tha  aotlon  pcotllaa  could  ha  Idenrltlad  which  ware  nauaaopanlc. 
hath  tha  Mt-3  Paa  Rlny  «id  P-X  Orion  tlaulatora>  locaiad  at  tha  U.f,  aaval  Mr  station  In 
Oaekwonwllla.  Plorlda  (HM  JM).  aat  such  criteria,  alnea  they  poaaaauad  several  character Istlea 
laplleatad  In  stailator  alcknaas  (via.,  w  tn  fields  of  view,  aotlon-baaa,  and  ccaputar-yennratad 
laapary).  and  ware  roprasantatlva  of  tha  owny  wlaulatora  oparatlonal  within  tha  uavy. 

SnULIt  op  IM  tm  8UIIVR 

m  scablnlnf  tha  10  dlffarent  fllpht  alaulatort  of  the  aurvay  and  tha  two  alaulatora  for  tha  notion 
profile  study.  1200  aaposuros  waro  nhtalnad  in  all.  sue  to  constraints  on  tha  availability  of  pilots, 
axparlntntars  and  slnulators  as  wall  as  other  problana  which  attend  tlald  studlaa.  all  tosta  ware  not 
atelnlstarad  at  all  altos.  This  United  tha  results  obtained  to  1104  pra-/peatnotlen  aleknass 
TuastloiaMlrast  MS  mp'ai  711  pra-/postpostural  aqulllbrlisa  easaai  414  pra-/pootpartomanea 
battarlas)  and  1*1  notion  profile  cases. 

oanaral  survey  Plndlnos 

ovarail  mcldanea.  Tha  overall  Incldancaa.  based  on  list  separata  alnulator  pilot  aspoauraa  appear 
In  Table  2a.  It  la  to  be  recalled  that  tha  criterion  for  dlaeorfort  In  this  table  la  *tha  percent  of 
persona  who  ware  sick  anouTh  upon  asitlns  to  report  at  laaat  one  alnor  synpton  ordinarily  asaoclatad 
with  aotlon  alcknaas.*  Sy  this  criterion.  Incldancaa  In  tha  10  alaulatort  vary  over  a  broad  range 
(10-<0%).  tn  Table  2b  ws  have  collactad  tha  grand  Incldanca  of  each  aynptoa  category  over  all 
alaulatora.  Table  3  presents  tha  distribution  of  poatHtSB  scores  across  tha  0-7  downward  seals. 
(Plne-gralned  analysis  of  aynptoa  cluttering  ere  found  In  Figures  1  and  2.) 

■oulllbrliM  Test  Sasults.  Pra-/postpoatural  and  gait  stability  co^arlsont  troa  all  tiaulstors 
coU>lnad  ravealad  an  overall  decraasnt  froa  before  to  attar  aspoaurs  (p  <  0.001)  end  sis  of  eight 
Individual  alnulator  eoaparltons  ware  statistically  significant  whan  coaparad  to  a  control  group. 
Thesa  data  are  descrlbad  In  detail  eltawhera  (37], 

notion  History  Questionnaire  Sasults.  IWga  acorad  In  tha  standard  way  t46].  end  with  two  new 
aethoda  [SS]  ware  coaparad.  Ml  three  score  keys  obtained  low  but  statistically  significant 
correlations  with  Incidence  of  alaulator  alcknaas  (correlations  ranged  troa  p  •  0.14  to  p  •  0.23),  and 
thus  were  wildly  pradlctlva  of  reported  syaptoaatology.  h  coablnad  key  for  predicting  alaulator 
sickness  was  derived  based  on  tha  bast  Itans  froa  tha  three  extant  keys.  Tha  coablnad  key  obtained  a 
correlation  of  c  •  0.32  and  £  •  0.43  with  rsportsd  syaptoaatology  In  the  validation  and 
cross-validation  saaplas,  reapectlvaly. 

hutcaatad  Parforannea  Taat  Svstea  sasults.  Pro-  versus  postparfetaanea  changes  ware  studied  In 
only  six  different  slaulaters.  m  no  alaulator  ware  group  parfomancaa  poorer  attar  exposure,  and 
Indaad.  asst  changas  showed  learning  affects  froa  tha  first  (pro)  to  tha  second  (post)  sasslun.  Msad 
on  Interpolations  froa  other  axparlaants  on  iwnpllot  subjects,  these  changas  appear  within  the  range  of 
laprovaaants  due  to  practice  which  are  to  be  expected  over  two  sessions  (51]. 

special  Survav  PlndlnM 

alaulator  sleknaaa  Svaotoas.  Table  4  ahaMs  ovarail  pra-axpoaura  and  postaxposura  assn  scores  for 
diagnostic  alaulator  sickness  ayaptoas.  These  are  coaposlte  scores  suaaarlxlng  aany  syaptoas. 

h  prallalnary  Inspection  of  tha  Individual  NSQ  foras  suggested  that  there  were  two  syaptoas  that 
resulted  froa  exposure  to  the  alaulatora  surveyed  (aotlon  slckness-llka  syaptoas  and  syaptoas  related 
to  eyestrain).  This  was  later  confltaad  statist Icallyi  Indeed,  i  third  waa  revealed  through  a  factor 
analysis  (53]  but  has  not  yet  been  applied  to  these  data.  Ming  the  syaptoas  froa  Table  1  with  the 
scoring  criteria  froa  Table  2.  all  NSO  foras  were  scored  two  ways,  with  or  without  visual  srwtoas 
associated  with  ayeeiraln.  h  single  t-test  was  perforaed  on  the  pre-  vs.  pcstdata  froa  each 
slaulatcr.  Perfomlng  aultlpla  t-tests  In  this  Banner  Increases  Type  I  error  probability  (the  chance 
of  finding  a  difference  where  none  exists).  Mote,  however,  that  all  'significant*  testa  yield  p  values 
of  .001  or  lass,  and  those  that  are  *not  significant*  are  not  clone  to  any  reasonable  significance 
threshold.  These  findings  are  likely  to  be  Invariant  under  any  sethod  of  protecting  against  type  I 
error  rate.  The  results  of  these  £-taats  agree  well  with  the  Incidence  rates  of  aotlon  slckness-llke 
syi^toa  developsent  In  Figure  2.  and  In  six  out  of  nine  alaulatora  these  Altfarencns  am  shown  to  be 
statistically  significant.  Mote  that  the  outcoas  of  oalttlng  eyastraln-rnlated  syaptoas  ordinarily 
lowered  the  obtained  1  statistic  but  did  not  change  the  p  velue  froa  a  significant  to  a  nonsignificant 
level.  Therefore,  while  eyestrain  Is  not  ordinarily  a  aajor  ayaptoa  of  aotlon  sickness,  oalttlng  It  Is 
largely  without  effect  froa  an  Interpretive  standpoint.  Ryestralu,  howeve: ,  appears  to  contribute  to 
overall  dlscosfort.  There  Is  also  sufficient  evidence  entailing  adaptive  changes  In  oculoaotor  control 
which  am  ralatad  to  conditions  of  alaulator  sickness,  particularly  rscallbratlon  of  the  oculoaotor 
syatea  based  on  perceived  error  signals  (11,  52]  that  In  tha  special  clrcuastance  of  alaulator 
aleknass.  It  will  be  aom  helpful  to  Include  this  synptoi  coaples  to  the  diagnostic  classification. 
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*TIm  Mw  Klv*r  cM  Txistln  2P120  ilaulaterii  data  ara  eoablnad  In  ordar  to  Incraaaa 
M.  Klao,  tha  2M  liaulator  «Md  axcludad  dua  to  nail  aaivla  alia  (H>l). 
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*  Tha  data  (or  tha  Haw  Htwar  and  Tuatin  2nM  alaulatora  wara  cewblnad  In 
ordar  to  Uteraaaa  H. 

•  1  atatlatlca  wara  calculatad  with  (w)  and  without  (w/o)  acoraa  ot  vlaual 
aftaeta  talatad  to  aathanopla  ('ayaatraln*). 

•aa  Tabla  1  (or  oeoriiit  crltarla 


tHiaraetarlatle  itetlaii  Urtmil  IftW  rlfura  1  diMwa  tha  aal(-ro»ortad  Incldanca  o(  (our 
eharoetarUtte  a|H*toaa  e(  wotlon  sleknaod  —  dlnlmaa  with  ayaa  otan.  aartlfo.  ataaaeh  awaranota.  and 
nauaaa  (or  aaeh  o(  tha  Id  alaMlatora  aurvayad.  Tha  aaaylaa  (or  aach  ayi»tcin  uclwda  Ihdlvlduala 
raHortlAf  tha  ayattnaa  pr^or  to  alaulator  aapoaura  ao  that  tha  ptothttlona  and  (rarwaneloa  ara  llaltad 
to  tbooa  ladlaldualB  who  did  not  hava  tha  ayattoaa  antarlny  tha  'iaulator  but  did  hawa  than  tdtan 
aaltlni.  Thla  particular  aathod  ot  proaantlnr  tha  data  nay  undoraatlnata  tha  aatant  e(  tha  t>roblan 
bacauaa  dl((arant  pllota  nay  w^rlanca  dl((ara«t  aynptoaa.  In  addition,  (or  our  aunrayi  aaaauraa  o( 
Gharactarlatlc  notion  alrfcaaaa  ayaptoaa  ftnarally  raault  In  cant  roatlva  valuaa  that  aay  undaroatlaata 
tha  napnltuda  o(  tha  prohlan.  Thara  waa  no  eontrol  (or  tha  nuabar  ot  tlnaa  an  Individual  uaad  tha 
alaulator  ovar  tha  parlod  o(  tha  aurvay  ao  that  prior  aapoauraa  raofad  (ran  1  to  aa  amy  aa  30  hcpa  and 
aana  Mlvlduala  nay  hava  already  adaptad  or  hahltuatad  to  tha  alaailatlon.  Ullano,  Rannady,  and 
Unfeort  {Oil  ahow  that  tha  IneUanco  ot  alcknaaa  diopa  Ml  aaA  hop  owar  thaoa  aapoauraa.  Xt  waa  not 
poBBthla  to  oorroct  thaaa  data  by  ualnr  pllot'a  raport  ot  hop  nuabar  bacauaa  o(  tha  nultipllelty  at 
other  varlahlaa  which  occur  Airlnf  rarular  tralnlny  (o.p.,  thoro  wara  dt((orant  tlaa  Intorvala  batwaan 
hopa.  di((orant  klnanatlea  arc  known  to  occur  In  tha  aana  ayllabus  hap  nuabar>  pllota  wara  not  alwaya 
aura  o(  tha  hap  mabar). 

hathMiBuia.  Plfuro  2  ahowa  tha  aal(-raportad  (rapuancy  o(  ayaatraln  aynpteaa  —  hoodacha. 
ayaatroln.  and  dKdculty  (ocualap  (or  aach  alwlatlon.  hpatn,  tha  data  taportad  hrra  ara  (or  thoaa 
who  wara  (raa  ot  the  ayaptnna  upon  antarlny  tha  alaulator.  Ha  ballava  thaoa  ayaptcao  ara  laaa  llkaly 
that  aotlon  alcknaaa  ayaptona  to  habituate  durlny  tralnlnf.  area  thaaa  tablaa  It  la  clear  that  acaa 
alaulatora  elicit  ayaptoaa  In  (aw  Indlvlduala,  wharaaa  other  alaulatora  elicit  aynpteaa  In  aany. 

Ualni  tha  data  (tea  npuraa  1  and  2i  tha  alaulatora  aay  bo  clnaaKlad  Into  cataporlaa  ot  high, 
mdliaa.  and  lew  aynptca  (rapuanelaa.  TOblae  9  and  0  praaant  thoaa  claaaldcatlona  (or  notion  alcknaaa 
and  ayaatraln  ayaptcao,  raapaetlvaly.  Thara  la  aoa^.  but  not  coaplata.  agraaaant  batwaan  tha 
elaaaldcatlen  ot  alaulatora  according  to  tha  two  ayaptca  tyyaa.  Two  alaulatora  produced  a  high 
Ineldacen  ot  both  notion  alcknaaa  and  ayaatraln.  two  other  alaulator*.  producod  a  low  Incidence  ot  both 
a.aptca  typaa.  and  ana  alaulator  produ^  aadlua  Incldanca  ot  both  typaa.  The  other  (our  alaulatora 
had  a  ona-lovol  dl((aranea  (hlph/nadlun  or  aadlun/low)  batwaan  production  e(  the  two  ayaptoaa. 

Proa  the  choraetarlatlca  ot  alaulatora  llatad  (or  the  davleaa  grouped  by  ayaptca  ’Incldanca*  In 
Tablaa  9  and  1,  It  la  poaalblo  to  bypothaalae  which  alaulator  (aaturoa  ^poar  to  be  provocative.  It 
appears  that  tiM  alaulatora  nora  proaocotlva  ot  notion  alirknaai  Ilka  ayaptcaa  tend  to  be  hallecptar 
rathar  than  daad-wlng  alaulatora,  and  to  uoa  oultlple  CR-conputar-tn^  ganaratlon  dlaplaya  rather 
than  pro.iactlon  dona  acraan  dlaplaya. 
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Maw  Mar  to  bcoca  lattcii  blcbnaaa  awfrtrtW 

lha  availability  of  this  iarya  Havy/Narlna  oorya  data  baaa  t«t*ftfad  tha  oyfortiMlty  to  conduct  a 
factor  analyais  of  aynyton  data  froa  all  tha  HHB'a.  This  analyata  Indlcatad  that  rayortad  ayaytona 
fomad  thraa  aajor  cluatarai  aaetor  I  -  Vaatibular  (diaainaaa  and  vartlyoli  Factor  II  - 
Oaatrointaatiiial  (nmaait  atoaach  auaranaaalt  and  III  -  Vtaual  (haadacha.  ayaatraln.  ytoblaaa  tn 
focuainy).  hlthoudh  faetora  wara  claarly  idantiflad.  thara  wea  aoaa  ovarlay  (coaaon  ayaytoaa)  aaony 
cluatara.  yarticulariy  with  raayact  to  *«lobal*  ayaytoaa  aueh  aa  fatiyua  and  yanaral  dtacoafort.  Hhan 
thia  aharad  varianca  aaa  rotatad  onto  a  ’yanaral*  factor,  factor  ovarlay  uaa  aharyly  raducad.  Tha 
analyaia  auyyaata  that  alaulator  aicfcnaaa  and  ita  ayaytoaa  can  ba  rayraaantad  by  tha  thraa  Indayandant 
cluatara.  alony  with  tha  *aanara.\  Uacoafort*  factor  which  la  riMBon  to  all  rayortad  I’yaytoaa.  voorlny 
tha  MQ  with  thia  atructura  la  likaly  to  ba  draaatically  aora  dtaynoatic  of  tha  yroblaaa  undarlytny  a 
ylvan  ainulatori  Oanaral  Diacoafort  acoraa  would  indlcata  tha  owatall  aaynltuda  of  tha  yroblaa.  whila 
Viaual.  oaatrolntaatinal.  and  Vaatibular  acoraa  ahould  raflact  aora  accurataly  tha  yarticular  alaulator 
ayataa(a)  eaualny  tha  yroblaa. 

bn  altamativa  factor  atructura  waa  alao  davaloyad  by  aatractlny  four  lactora  (rathar  than  thraa) 
in  tha  anal]«ta.  Mhan  aaaninad  in  thia  way.  tha  viaual  factor  ’ayllt*  into  two  faetora.  ana  inwolviny 
tha  yrocaaa  of  viaual  diaturbanea  (blurrlny,  out-of-fOcua)  and  tha  aacond  tha  raoulta  of  that 
diaturbanca  (ayaatraln.  viaual  fatiyua.  loaa  of  ooneantratlon).  h  alallar  yan.;ral  factor  waa  alao 
yroatnt  for  thia  analyaia.  Mcauaa  aach  of  thaaa  viaual  faetora  la  baaad  on  tawar  ayaytoaa.  raoultant 
acoraa  would  ba  aayactad  to  ba  laaa  raliabla  than  thooa  for  tha  3-foctor  acortny  aathod.  but  tha 
diffarantial  yowar  could  ba  uaaful  for  aora  raflnad  analyaaa  of  viaual  yroblaaa.  and  acorlny  kaya  ara 
bainy  davaloyad  for  thia  atructura.  Thaaa  ralationa  ara  diaeuaaad  in  yraatar  datail  alaawhara  [S3]. 
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tmmmmmn  or  oimiutoi  NOtiaa  mm  riuor-OMW-iaor 

Hm  111-9  ■iMlator  4a  a  rotarr-atitf  aircraft  (hallcaatar)  clwlator  with  caafutar-faMrataO  «r^lc 
Olirltva  that  alBHlata  twtllaht  eaniltlona.  aivlarlnt  a  •vital  !¥•  eallltrarhle  «ualt/nl«ht  OK. 
Vlauala  ara  aiaflnyaO  with  a  T-wlntow,  S-chaml.  fol4a«  an  avia  virtual  laafa  cathaOa-rar  tuba  (OCT) 
with  a  190  a  90  («  a  V)  flaM  of  vlaw.  Nation  la  fanarataO  with  a  ala-  Oatrw'  of-f niOoN.  aynarvlatle 
Nation  rlattoiw.  m  tanaral.  tha  alnulator  la  «»arata«  on  a  10  houra/Oart  S  Oaya/waak  achaOula. 
Oeoaalontlly.  tha  alNUlator  wauU  ba  *0ouna0*  tor  nalatananea  or  raralr  fwrfooaa.  Ona  wO  ona-half 
Onto  of  contlnuaua  Oowntlaa  oeeurraO  4urln«  tha  atuOr  Out  to  a  najor  uHota  of  tha  alaulator  alta  air 
eeaOltlonlnt  ayatan. 

lha  r-9c  alaulator  la  a  flaaO-wln«  aircraft  alaulator  with  viaual  Olarlaya  ftnarataO  with  a  tV 
ctaara/noOal  boarO.  viauaU  ara  OlarlayaO  with  a  9-wlnOof,  9-channal  on  (off  aaU  raflactlwa)  with  a 
40  a  9*  (H  a  V)  flaU  of  vlaw.  Nation  U  ftnarataO  with  a  ala-Oafraa  of-ftnOaa  aynarflatle  aotlon 
ayataa.  lha  alaalator  U  ofaratad  on  a  U  haun/Oay.  $  Oaya/waak  aehaOula.  in  tanaral.  tha  acana 
oantant  of  tha  hallccrtar  alaulator  (irOOC)  iftaara  to  ba  aora  artlculataO  taO  a-niva  (l.a..  aara 
aOfta.  hl^ar  raaolutlon  and  contraat.  and  aueh  cloaa  eantact  with  tha  frouad)  thaa  la  tha  r-W  fll^t 
alaulator.  Naqr  r*9C  fll#it  ayllahua  htfo  ara  hl9b  altltwOo  or  oaaacifa  acanao.  with  low  raaolutlon 
dltflaya  on  aln^o  rrajactloa  vldao  acroana. 


t-ll 


«My  M#  Mwttmty  Mnw  MMlCKattMa  Mth  aliilaM  tavcMtiiM  MMltUlty  mt  hyatcrMla  Mr* 
OMM  Me*lM«wt*t*  a»*r«i*  with  owtfW  «in«it.  m  th*  fata  la  4*|*nMnt  an  tha  alM  at  a 
KMlaUa  taalatar  waai  to  «aMl*»  a  Mlta«*  ttan  th*  curtaat.  lh*  alfnal-to-nalaa  ratio  wa*  no  taniar 
a  eancom  whM  ha*a«  an  >ra»*r  taalatar  aalactlan  tv  Ma«M*  hlth-aanaitlwlty  aoltaf*  awtrut. 

Iha  aeMlaroMtata  war*  he  c*i«l*<  to  niaawra  nnt  onlr  natlan  hut  alao  varlanc*  In  th* 
frjoltatlanal  tUM  what*  that  or*  nauntaa.  aiitM  tha  aarth**  (raaltr  U  a  canatant  at  natur*.  an 
aeoalaiawtar  tlltoi  within  Ita  local  Mt  at  caorilMtaa  will  aana*  a  varlaie*  In  th*  local 
ftowltatianal  (laU.  iiBaMai  tilt  la  a  warr  uaatwl  taiMUn  at  ttaao  ttana*ietora,  th*r  *r*  aaMtlna* 
WB*a  atrletly  tot  thla  fUftaoa. 

haathar  atwantawa  at  tha  accalataaiaiar  aalaetah  wo*  that  aalttfa  autfut  tran  th*  al«Ml 
aahtltlonata  aouM  aaallip  h*  alJwBtai  to  natch  tha  ItadtoO  tynanlc  rant*  at  *  hl|h**ccur*ey  traauaney 
naOulatlan  (m)  tt**  r«e**0*r.  initial  hlaanlni  allowaO  tar  thla  aaltaw*  ran**  to  h*  chanaad  *a 
naaaaaat>  tarlnt  aach  run  haaaaoa  th*  aecaiatMotara  wata  «a  aanlaO  an*,  with  a  hlah  fain  rant*  (U 
walta/hoM  tofothar  MM),  a  aaall  maunt  at  oantlanat  tilt  nlfht  aaaa laat  an*  or  nar*  channala  an  th* 
taaarfat.  fhao*  tracaiinaa  ara  Olacwaaal  In  Oatall  In  Wan  Nar.  hllfoai.  Ullanthal,  Itcnnafr,  ani 
iiBBfar  tU). 

iMtti  rrttti  iiiOiN 

rhawfia  at  arcNtanutalofr  In  th*  two  aUnilatat*  wata  taataO  tor  atatutleal  alfnltlcane*  hr  th* 
mioaaan  NatchaO  fair*  •lano*  haaha  taat  (111.  tar  ua*  with  oarralataO  arOlnal  0*t*.  rat  th*  Mac 
aloulatar  (N  •  14f).  aaafarloan  at  raat/fia  Mm  aearaa  (t  >  7.1110.  r  <  .001)  InOlcataO  that 
atatlatloai;^  altnltloMt  uUtaranc**  war*  ahtalnaO.  ihl*  auffaat*  that  aafaaur*  to  th*  Mac 
alnwlataO  tllfht  anvlraanant  raoulta  In  Oranatle.  alfnltleant.  an*  aOMra*  chant**  in  nation  alcfcnoaa 
avaotanataloiv.  m  th*  MTT  aloulatar  (■  •  41).  th*  naan  Olttaroncoa  war*  not  atatlatlcally  Olftarant 
(I  ••  l.Mt.  t  >  .00).  aOaa*.  thar*  waa  a  alltht  raOuetlan  ti«n  th*  ora-  to  th*  foataeor*. 

ntur*  1  ahoM  th*  atanOarO  aaaa  lahala  uaaO  in  thla  atuOr.  riiura  *  Ineortorataa  Mlltarr 
ttanOarO  14710  tNtl.-nh-147K)  (04]  tor  th*  low  tratuaner  an*  at  tha  aoaetrut  an*  trtleal  wlbratlon 
walua*  tran  eoannly  hnawn  oocurraneoa.  It  nar  ho  aaan  that  n*n~ln-lh*-loa»  natlan  riatllaa  (all 
within  th*  nauaaatanlo  raflona  at  147ic. 

ritur*  $  alMM  aMcat*  **.  naatiai  t**k  valuaa  tar  thla  aana  nanlnal  run.  Th*  valwoa 

carraaronO  to  tha  laat'tratuaocr  rartlan  at  lllti~tTIK1471C.  hlthoufh  naalnun  paak  valuaa  ara  aapactad  to 
h*  lartar  than  tha  natlaiw  aMrafoO  valuta,  th*  rant*  at  varlanc*  tor  thla  run  waa  lartor  than 
aapaeta*.  Ihua.  tha  natnltvO*  at  41tt*r*ne*  batwaon  th*  paak  an*  avorat*  valuaa  tar  anr  traquancr  la 
alfnltleant.  it  onlr  awor*t*4  valuta  ara  uaad  tar  analrala  an*  eorralt'lon  tvaluatlon.  th*  analrat 
waulO  ha  1*4  to  orranaoua  eonelualano, 

Plfur*  0  alaa  ahawt  a  roaiiflaon  at  th*  nsnlntl  man  run  at  th*  r-1  alaulator  with  th*  nanlnal  ntan 
run  tar  th*  M-l  alMilator.  tar  th*  1  aaaa  In  th*  eaa*  at  ttt-l  an*  tar  th*  atrontaat  aloulatar  (fa)  In 
th*  ri^.  oMrlaU  an  iUL-oilk-l47lc.  Th*  (arc*  anvlraanant  at  th*  two  4*vlc**  1*  a*rk*4lr  Olftarant  t 
th*  ON*!  traaanta  nation  oratllo*  within  ration*  to  which  int.*atb-147K  praOlcta  nauaaetanle  raactlonn. 

onomoiQN 

tfiwCTtt  mwwurtwc 

Th*  ahjaetlva*  at  thla  raaaareh  (ollowaO  (ran  a  Oaflnltlan  at  th*  prohlao  (14)  *n4  th*  auttaationa 
(or  raaaareh  at  a  panel  at  vaatlhular  aelantlat*  and  tralnlnf  afulpoant  tochnoloflata  [M]  to  datarwln* 
th*  aitant  to  which  aloulatar  alcknaaa  occurrod  In  wavy  ayatana.  tan*  at  th*  raault*  or*  claar-cut. 
Thar*  waa  alnaat  no  vanltlnt  or  ratchlnt  (.2\).  hut  aon*  aavar*  nauo**,  and  alfnltleant  aneunta  of 
drowalnaoa.  ayaatraln.  and  dlaafulllhrlM.  kpproatnatoly  100  pilot*  (1.*..  lOh)  aaparlancad 
dlaturbaneaa  that  nay  b*  conaldorad  aavar*  *nL>uah  to  warrant  raatrlctlan  of  aubaafuant  actlvltlaa  tor 
•a  ouch  *a  24  hour*. 

Nanr  at  thaa*  Individual*  oahlbltod  poatural  dlaturbaneaa.  Such  Individual*  nay  b*  eanaldarad  to 
b*  at  rlak  to  thaooalva*  and  to  othara  It  they  drlv*  thannalvaa  hen*  or  ratum  to  danandlnt  actlvltlaa 
at  work,  hetlvltlo*  to  b*  avoldad  Inelud*  drlvlnt  and  tlylnt.  a*  Mil  aa  thaa*  which  entail  attantlon 
to  balanc*  (nainktata  cllnblnf  and  root  rapalr). 

Mint  th*  raport  o(  at  laaat  an*  nlnor  notion  alcknaaa-ralatad  aynpten  (a.f..  aallvatlcn.  nauaaa. 
pallor.  droMlnaoa.  or  awMtlnf)  but  not  accaaaory  ayoptana  (a.f..  fatlfM.  dapraaalon.  or  boradan)  aa 
th*  crltarlon  at  lllnaoa.  th*  obaarvod  Incldanca  at  alcknaaa  In  th*  varloua  alaulatora  rantad  tran  a 
low  ol  10%  to  a  hlfh  at  *0%  (or  th*  total  data  baa*,  it  thla  Mr*  th*  only  alfn  or  aynpten,  th*  rlak 
nlfht  b*  no  nor*  aaMr*  than  an  actaoded  aircraft  tllfht.  parhapa  with  haavy  *t*  (ore**.  HoMvar. 
odMrM  eendltlon*  produead  In  a  alnulator  auat  b*  luatltlad  by  thalr  tralnlnf  atfactivonaaa. 
ordinarily,  th*  aynptoM  o(  alnulator  alcknaaa  evarlap  only  allfhtly  with  tlwi**  which  raault  (ran  tha 
anvlroMMital  atraaa  o(  (lylnf  al -croft,  and  thalr  tralnlnf  ralavanca  la  dubloua.  Purtharnor*.  worn  of 
thaM  ayaptann,  particularly  thoo*  ralatad  to  ayaatraln.  nay  b*  ranadlad  by  anflnaarlnf  chanfa*  In 
(utur*  ayatann  and  to  aana  aatant  by  battar  nalntanane*  In  aalatlnf  ayatann. 


rlgur*  5.  coaparison  of  X  axla  of  th*  SH-3  hollcoptor  slaulator 
Man  run  ve.  tha  X  axis  of  tha  P-3  aircraft  slsulator  naan  run. 

It  appaars  froi  our  data  that  slaulator  axposura  doas  not  significantly  Intarfara  with  a  parson's 
oognltlvs  or  slapls  sotor  abllltlas,  but  soa»  slsulators  do  Indues  unstsadlnsss  for  seas  tlaa 
afterwards,  thasa  conclusions  ara  based  on  tha  use  of  floor  walking  and  standing  tests  after  the 
pilots'  slaulator  axposuras,  rathar  than  the  use  of  aors  sophlstlcatad  apparatus  and  tachnlquat  at 
spacltlc  tlaaa  after  exposure)  which  sight  have  been  aora  sensitive.  Further  work  needs  to  be 
conducted  In  this  area  In  order  to  clarify  tha  aagnltude  of  tha  risk  of  the  pilot  population  and  the 
duration  of  effect.  It  Is  not  known  to  what  extent  exposure  to  aircraft  and  surface  vehicles  night 
occasion  stallar  effects  nor  how  long  those  effects  nay  last. 

The  duration  of  these  postural  postattacts  was  not  sonltorad)  and  It  Is  not  known  how  long  they 
sight  persist.  Slallar  posteffects  have  bean  reported  elsewhere  [17>  21]  following  long-tem  (days) 
exposure  In  centrifuges,  and  are  a  cause  for  sobs  concern  following  space  flight  (22.  30].  it  Is  well 
known  (60]  that  related  closed  loop  Integrated  circuitry  exists  within  the  husan  nervous  systsn  for 
walking,  and  standing  [54]  as  well  as  for  eye  hand  coordination  ssployed  In  tracking  and  steering 
[32].  This  Ispllas  that  disturbances  sanlfestad  by  postural  Instability  say  also  transfer  to  sanual 
tracking  tasks  (e.g..  driving  and  flying).  Therefore,  the  extent  of  postural  aftereffects  should  be 
carefully  researched  with  far  sore  sansltlva  and  sophlstlcatad  tests  than  we  ssployed  (e.g..  force 
platforss)  and  data  should  be  obtained  for  an  extended  period  following  exposure  to  the  slaulator 
(perhaps  hours).  Studies  of  perceptual  sodlflcatlons  [84]  Imply  that  the  adaptation  period  (vis. 
posteffects)  Is  proportional  to  tlss  spent  In  practice.  There  are  few  enrs  consistent  findings  in  tha 
behavioral  selancea  than  that  tha  greater  tha  learning  or  adaptation,  the  greater  ara  the  aftereffects, 
and  the  sore  resistant  they  are  to  extinction.  The  strength  of  these  aftereffects,  whether  they  will 
adversoly  effect  tha  ^^rforsance  of  other  activities  (e.g.,  driving)  and  how  long  effects  say  persist, 
ara  all  esplrlcal  guastlons  which  should  be  studied  In  order  to  answer  questions  about  safety  and 
health  Influences  of  slaulator  usage.  Explicit  studies  slwuld  be  undertaken  to  establish  reasonable 
adaptation  periods  before  driving  or  flying  are  rasiaad. 

Tha  findings  froa  the  mo  ara  encouraging  since  they  pamlt  the  capture  of  approxtnataly  10-15%  of 
tha  reliable  variance  Independent  of  slaulator,  age.  and  flight  profile.  This  Isplles  that  slaulator 
sickness  Is  very  Individual  and  considerable  predictive  powpr  (and  with  It  tha  likelihood  of 
protection)  can  be  obtained  by  the  Identification  before  exposure  of  those  persons  who  have  higher  than 
average  likelihoods  of  sickness.  The  success  of  the  Navy  slaulator  sickness  field  aanual  [35]  suggests 
strongly  that  It  should  be  possible  to  Identify  who  will  have  problsas.  To  this  end.  It  Is  recoaaended 
that  the  ceablned  mg  key  be  published  In  relvvant  allltary  sr-vlca  publications  In  order  to  Infom 
pilots  about  their  Individual  risk  of  slaulator  sickness.  These  findings  ara  dealt  with  aora 
extensively  alsawhara  [47]. 
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PMMntly.  if  (f tacts  ara  notad  teilawtng  aspoiura  to  slsulators.  wa  tpould  racoasMnd  that  pilots  ba 
llaitad  tor  soaa  tlaa  subsaguant  to  slaulator  flight  (dapandlng  on  tha  slaulatlon  usad).  This 
constraint  can  ba  a  sarlous  Ispadlsant  to  oparatlonal  raadlnass,  but  nay  ba  warrantad.  It  Is  suggastad 
that  oparators  who  asparlanca  any  unstaadlnass  and  lyaptoas  aqulvalant  to  a  seora  graatar  then  3  (cf. 
Tabla  1)  should  rsMln  of  tha  slsulator  building  until  sysptona  dlsslpata  and  thalr  flying  should  ba 
rastrlctad  for  ona  day* 

Problanatlc  Slsulators 

In  connactlon  with  this  survay.  ona  slsulator  ravaalad  an  unaipaetadly  high  Incldanca  of  lllnass 
(CII-S3I-3P120).  Tha  Naval  Training  Systaas  Cantar  subiaguantly  eonductad  an  Insarvlca  anginaarlng 
assasaasm  In  ordsr  to  avaluata  tha  optical  allgnsant  and  othar  charaetarlstlcs  of  tha  systas.  This 
avaluatlon  ravaalad  savaral  aqulpatnt  faaturaa  which  appaarad  to  contrlbuta  to  tha  high  Incldanca 
[74].  Seaa  of  thasa  (distortion,  color  balanes.  allgnsant)  ara  consldarad  to  ba  routlna  salntananca 
and  ■out-of-spaclfleatlon*  problass.  Others,  short  of  sajor  radsslgn,  nay  not  ba  easily  nodlflad. 

The  slanilators  which  aahlblt  tha  highest  Incidences  of  sickness  (Tables  5  and  6)  are  helicopter 
slsulators  with  car  Infinity  optics  systass  which  hava  slx-dagraas-ot-fraados  sovlng-basa  systass. 
Thasa  aqulpnant  features  all  appear  to  Interact  In  tha  etiology  of  slsulator  sickness  In  ways  that  ara 
Inadequately  understood  at  this  tlaa.  for  axaapla,  flzad-wlng,  flzad-basa,  dcaa  displays  charactarlia 
tha  low  Incldanca  systaas.  Thasa  data  luggast  araas  of  future  research.  For  axaapla:  (1)  two  of  tha 
widest  flald-of-vlaw  slaulatlons  (317  and  2P112)  prasant  vary  low  Incidences,  and  (2)  racant 
quasl-axperlsantal  studies  hava  shown  sickness  In  two  sovlng-basa  slsulators  to  ba  related  to  tha 
physical  0.2  Hz  aetlon  proflla  [03).  If  tha  visual  problass  of  the  coaputar-ganaratsd  laagary  (OOI) 
systass  ara  covarlad,  would  dcaaa  ba  os  nausaoganlc?  Ooaparlson  of  Tables  b  and  f  provide  sosm  support 
for  this  view,  converging  survey  studies  should  ba  conducted  where  It  would  ba  possible  to  cospare  CRT 
versus  dose  displays  with  tha  notion  base  either  enabled  or  disabled,  othar  cosblnatlons  shou<.d  ba 
attanptad.  Such  a  progran  would  likely  need  to  conblna  field  studies  with  laboratory  work.  Other 
Isportant  questions  Include  dataralnlng  whether  the  helicopter  syllabus  which  occasions  tha  notion 
profllss,  tha  pilot's  training,  aarodynaslc  sodals,  or  tha  hydraulic  systass  responses  ara  nausaoganlc? 

Tha  Dependant  Variable  Problas 

The  above  Issues  await  further  research.  Howavar,  before  such  work  can  proceed,  It  will  ba 
necessary  to  inprova  tha  way  notion  steknaas  severity  Is  scored.  In  tha  present  study,  data  ware 
dropped  froa  soaa  pilots  who  reported  excessive  syaptoas  before  tha  slsulator  hop.  h  battar  aathod  tor 
scraanlng  tha  participants  aust  ba  davalopad  —  perhaps  with  closer  personal  contact  In  tha  field,  and 
aayba  after  sore  cosprahanalva  discussion  either  through  tha  Ooasandlng  officer,  tzacutlva  Officer, 
Training  officer.  Plight  Surgeon,  and  Safaty  officer.  Next,  a  battar  scoring  aathod  Is  presently  under 
study  and  will  ba  davalopad  [53]  to  paralt  battar  dlagnoals  of  tha  level  of  sickness  and  perhaps 
specific  diagnosis  of  synptas  cosplaxas.  Tha  slightly  different  ordering  of  slsulators  In  Tables  $ 
versus  6  whan  a  crltarlon  tor  slcknass  rather  than  ayastraln  Is  usad  suggests  that  this  say  ba  feasible 
In  the  future,  additionally,  there  are  three  newly  developed  physiological  saasuras:  pallor  [70], 
gastric  sotlllty  [38,  79],  and  dark  focus  [12]  which  show  proslse. 

It  Is  possible  to  Incorporate  Hllltary  Standard  1472c  [64]  Ir.  an  algcrlths  tor  a 
Blcroprocassor-based  blocybernatle  Instrusent  that,  with  further  reflnesant,  could  bacese  a  digital 
husan  vestibular  systas  doalsatar  and  blosechanlcal  sot Ion  analyzer.  Such  a  device  Is  likely  to  have 
application  for  Sony  other  vehicles. 


Incidence  data  were  available  fres  surveys  of  slsulators  at  six  different  Naval/Marlne  Corps  air 
Stations.  For  the  survey  alone,  1200  exposures  ware  recorded  In  10  different  flight  slsulators. 
approxlsately  300  sore  wars  recorded  whan  the  notion  profile  studies  were  conducted.  Sana  of  tha 
results  are  clear-cut i 

(1)  The  slsulators  which  appear  to  exhibit  the  highest  Incidences  of  sickness  are  helicopter 
slsulators  that  esploy  alx-dsgrees-of-fraadon  (DOP)  sovlng-basa  systaas  which  use  sultl-wlndow  on's  to 
provide  the  wide  fields  of  view.  But  these  aqulpnant  features  are  not  Independent.  Therefore,  while 
flxad-wlng,  fixed-base,  done  displays  distinguish  the  low  Incidence  systass,  insufficient  converging 
operations  ara  available  In  the  technical  data  base  to  establish  which  of  these  factors  Is  tha 
detamlnar  of  tha  sickness  rates. 

(3)  There  was  alnost  no  vosltlng  or  retching  (2/1186),  but  soaa  severe  nausea  and  drowsiness.  Such 
Individuals  say  be  considered  to  be  at  risk  to  thesselvas  and  to  others  If  they  drive  thensalves  hosa 
or  return  to  dasandlng  activities  at  work.  While  slsulator  expoaure  In  general  did  not  produce  gross 
changes  In  a  parson's  cognitive  or  slspla  sotor  abilities,  soss  slsulators  do  Induce  unsteadiness 
afterwards.  Ha  suggust  In  regular  slsulator  operations  In  the  future,  pilots  should  bo  Indoctrinated 
to  Identify  whatever  poatural  and  sysptos  changas  are  occasioned  by  thalr  slsulator  exposures.  Pilots 
exhibiting  Identifiable  unsteadiness  and  sysptoss  greater  than  a  criterion  value  should  resaln  In  tha 
slsulator  building  until  syaptoas  dissipate  and  perhaps  restrict  thalr  flying  for  one  day.  These  data 
suggest  areas  of  future  research. 

CONCLUSION 

It  say  be  stating  the  obvious  to  say  that  the  ultlsata  als  of  science  Is  prediction  and  oontrol. 
In  tha  context  of  slsulator  sickness  we  believe  that  perhaps  as  such  as  50%  of  the  Incidence  is  either 
predictable  or  controllable.  These  known  relations  are: 
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•  K  ptrtleulM:  ■stlen  hiitoiT.  a*«mr«bl«  with  th*  tlv«  qinstUiw  of  the  Orlendo  Notlan  Hlatory 

guMtlomitro  ew  eeeount  for  of  the  incidence.  Adding  pilot  renk  een  laprowe  the  etrength 

of  thia  reletienehip. 

•  Hreatreln  la  a  aignif leant  portion  of  the  reported  incidanee  data  and  oHch  of  thia  m  ballavo  la 
controllable  by  proper  diaplay  arrangaaant  or  daaign  (a>g..  donaa). 

•  notion  aicknaaa  aynpteantology  after  a  flight  ahould  probably  be  uaad  by  the  pilot  to  raatrict  hia 
aetiottiaa  that  day  and  parhapa  tha  neat. 

•  atnulator  ueage.  allgnnant  and  naintananca  are  probably  najor  contributing  factora  to  aicknaaa 
Ineidanca.  Ocom  of  tha  rulaa  ahieh  govom  thia  are  knean  and  ahould  be  follcuad. 

•  Pootural  aquilibriun  after  flight  ahould  parhapa  be  uaad  aa  a  algn  to  linlt  actlvitiaa, 
particularly  if  tha  individual  alao  haa  other  notion  aicknaaa  or  ayaatrain  aynptona. 

•  If  tha  aiaulator  ia  a  aoving-baaa  device,  it  uould  be  beat  to  avoid  linear  oacillationa  in  tha 
range  of  O.an. 

•  Different  nixturaa  of  aynptoaatology  are  likely  to  be  pradictive  of  tha  orlgina  of  tha  problon  in  a 
aiaulator. 

■ut  Huch  of  tha  problan  atill  ranaina.  and  ahila  a  portion  of  tha  aiaulator  aicknaaa  prediction 
guaation  ia  likely  to  ba  due  to  arror.  «o  baliava  that  aignifieant  inprovanents  can  ha  nada  to  our 
underatanding  of  tha  naehaniaaa  ahlch  govern  thia  aalady.  it  ahould  be  polntad  out  that  even  if  tha 
flrat  sg%  ia  praaantly  available,  it  ia  likely  to  be  the  *aaay*  50%. 
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nutructltaM:  Hmm  (111  this  out  MRlH  you  90  Into  tho  slsulator.  circle 
bolow  If  any  syaptoas  ayyly  to  you  rl9ht  new.  (Attar  lOur 
Blrulator  sipasura.  you  will  bo  askad  those  questions  ayaln.) 


■ana 

BUm 

Wadarate 

auuk 

■got 

SUKlt 

Udarote 

.Halt 

■ana 

BUKit 

Udamta 

luut 

■una 

BUKll 

Hadamte 

Halt 

liPBa 

SUKll. 

Wadarate 

Hoct 

HBDft 

lUKm 

midarate 

Severe 

iiant 

■UKUl 

wadarate 

Severe 

Hank 

siUhl 

wadarate 

Severe 

HSDk 

gUKll 

Ifcdarata 

Halt 

MtDk 

SUKll 

Wadarate 

SfOCt 

■ana 

auKii 

wadarate 

atoa 

MBU 

tUKU 

wadarate 

Severe 

HB 

XU 

IK 

XU 

IK 

Xu 

IK 

XU 

IK 

XU 

IK 

XU 

IK 

XU 

IK 

XU 

IK 

XU 

K 

XU 

IK 

XU 

IK 

XU 

IK 

XU 

IK 

XU 

IK 

XU 

IKi  BX  tIUI 

IK 

XU 

IKi  bX  ttlU 

*  Visual  Illusion  o(  noveBant  or  false  sensetlons  rlallar  to  aircraft 
dynaalcs,  tStan  oal  In  the  slnulator  or  the  alrc  -ft. 

**  stosMCh  awareness  Is  usually  used  to  Indicate  a  faellnq  of  dlscoafort  uhlch 
la  just  short  of  nausea. 
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WNNon  I 

NottoM  Htmtit  Bwniawnui  ra  ixmiaim  itcnnu 


1.  MM  you  tvar  bMit  Mtion  kieK  othw  ttan  akokHl  glilfk  «>t  in  nlrcMti? 

MO.  a  Ml  1 

2.  U«t*4  Mien  am  •  maiMr  ot  iltunttona  In  ohleh  mm  pMfi*  Imm  ratertM  notion  tlckntn 
■ynvtoM.  In  tho  oyneo  prowUoa.  elitek  oitf  nwmM(*>  you  n*y  Mm  Myorioocod  ot  any  ttMi  yant  or 
yrannnt. 
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AIRCRAFT 

RIGHT  SINUUIOR 

ROLIiR  COASTER 

ICRRY-GO-ROUNO 

OTHER  MRNIVAL  DEVICES 

AUTOnoaiLES 

LONG  TRAIN  OR  BUS  TRIPS 

SHIN6S 

NAICOCKS 

6YNNASTIC  APPARATUS 

RDLLER/ICE  SKATING 

ELEVATORS 

OR  HIDE-SCREEN 

r“ 

NOTORCYCLES 

I 

*  Stoaaeh  Maaronass  rofora  to  a  fMllny  of  dlsconfort  that  la  yrallnlnary  to  Muaaa. 


any  aynpton  ehackod;  1  llaa<  0 

tay  aynyton  chackad  by  ntreraft  or  Flight  slnulator:  1  tlao;  0 
Syaytoa  “ktonarh  AtaaroMaa*  chackad  by  Sianlator:  1  tlao  0 
Any  ayayt-m  chackad  by  kolltr  ooaatarj  Narry-oo-tound,  or  OtMr  carnival 
Dovlcoa:  x  llaat  0 
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DIlCUtaXOH 


PMCIt  Row  do  you  dotlM  oyo  atroln? 

mmutPYi  Tho  dotlnltlon  ia  atrietly  oparatlonalt  aubjaota,  pllota  tn  thla  eaaa,  raport 
aya  atraln  or  dlfdoulty  foeualnp  and  ao  forth. 

PRIC1>  Could  you  plva  aa  an  axaaipln  of  a  aubjactlva  daaerlption  of  aya  atraln? 

WWMBOfi  Xt  la  juat  a  dka^  In  tha  htm  labalad  *aya  atraln.*  Ihla  la  not  aaaaurad 
in  any  way. 

XARDOLTt  You  aantlonad  vlaual  flaahbadea.  Hew  laportant  ara  vlaual  flaahbacka  In  tha 
achM  of  thlnga?  hra  thay  a  cauaa  for  worry?  Row  fraquant  ara  thay?  Nhat  la  tha 
ganaala?  Nh^t  ara  thalr  charaetarlatlea? 

KlHRRDYi  Of  1200  caaaa  In  our  data  baaa.  w«  hava  20  raporta  of  flaahback  that  wo 
oonaioar  rleh  onou^  to  daaarva  eoaplato  daaerlption.  Yhara  ara  parhapa  200  raaponaaa 
that  night  ba  eonaldarad  flaahbaoka,  but  thara  la  not  enough  inforaiatlon  within  tha 
paraon'a  aalf-raport  form  for  ua  to  any  that  thoaa  200  ara  all  good  caaaa.  So  In  tama 
of  a  baaa  ratOt  wa  would  auggaat  that  aonawhora  battiuan  20  and  200,  and  nora  Ilka  SO, 
of  tha  1200  ara  llkaly  to  hava  Idantlf labia  flaahback  typa  raporta.  Thoaa  a«y  hava 
ocourrad  with  ona  hour  and  aa  long  aa  24  houra  aftar  tha  aiaulator  axpoaura.  Tha  Incl- 
danoa  la  low  In  our  total  data  baaa.  Aa  far  aa  what  thay  ara  or  what  cauaaa  than,  I  think 
that  tha  boat  X  can  do  la  glva  you  a  thaoratleal  anawar.  Thay  ara  parhapa  ralatad  to 
atata-dapandant  laamlng.  Thay  appaar  to  occur  In  parcaptually  Impovarlahad  altuatlona 
and  In  altuatlona  alnllar  to  tha  alnulator  axparlanca. 


i 

f 

i 

t 

I 


M 


trowtocT  iHvotraD  m  not  tnuunoR  or  motioh  cmi 
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ItatlwMl  AatMfM*  UOaroMrr  HU 
ilMUrtaii  TIm  ItatlMTluHi 


IlM  otthlMt  •t  MtlM  «M  lOMrattM  U  •  tooU  that  nottiiaa  aarloaa  attaatlaa  fM  all  lavelraO  In 

tha  Oaaliai  Owalapnaat  aat  aaaMfaatain  o(  tlloht  alaMlatata>  lha  aahaataO  taalin  la  tha  Oaplatlaa  af 
tanatai  akr*  aal  athar  altataft  aaallahla  la  aarnat  alaaal  arataaa  haa  haaa  aaaaalataO  with  aa 
taaiaaalao  aaahat  at  laataaeaa  at  alaalatar  alakaaaa.  Thla  tara  at  aiekaaaa  la  tha  eaaatallatlaa  at 
araflaaa  ahtah  aar  ha  aaraataaait  hy  yllata  aa  a  taaalt  at  tlylao  a  alaMlatat. 

la  aaa  at  tha  IntiaOnatary  rayata  at  tha  AMtO  texaafaca  IMleal  lyapaalo  aa  Hatlaa  caaa  la  tlltht 
alBMlatlaa  aal  ataUatar  lataaat  atehaaaa"  thla  yayar  yraaaata  ahaaraatlaaa  caasatalat  tha  Cattaat  trand 
la  alaaal  aai  aatlaa  ayataaoi 

Attar  aa  tatradnatlaa  at  haala  aalat  anthadala«y  la  tlltht  alaaaatlaa.  tha  avarrlaiM  cnacaatrataa  ea 
OaaalafMaita  la  laata  taaarattaa.  iMta  ilaylari  ylattaia  aatlaa  aaa  gaaaratlaa  aad  aatlaa  hatdaara 
aaahaalaaa.  lha  HO**  aaaelaAaa  alth  aaaa  ahaaraatlaaa  caacaialaa  tha  laaartaaaa  at  aalatanaaca  aat 

callhratlaa  at  tlltht  alanlatar  taatallatlana. 


1.  nmnwctioR 

In  laeaat  yaara  thara  haa  haaa  aa  Incraaaa  la  tha  nuabar  af  taparta  af  alanlatar  alckaaaai  althauth 
tha  aataat  at  tha  yrahlaa  la  atUl  aat  elaarly  datlaad. 

It  alakaaaa  aeeara  la  tha  alBilater>  hut  aat  la  tha  taal  «erld>  thara  la  auldaaca  at  a  had 
alaalatlaa. 

Tha  laplleatlaaa  af  alanlatar  tlekaaaa  arai 

-  Caattaalaad  tralalac 

-  Dacraaaad  alanlatar  uaa 

-  Slaailatar  attaraffaeta« 

Tha  yrablana  ara  particularly  aarlaua  aaaat  tha  atara  aaparlaaead  aulatara  aa  a  taault  at  avert 
"aaaaaiy  caafllet"!  Laaa  ahvlaua  but  nanathalaaa  aarlaua  la  tha  poaalhlllty  at  natatlva  traaatar  at 
tralalat  la  tha  laaa  aaparlaaead  avlater  (ecaprealaad  tralalat)* 

A  atudy  ptthllahad  by  tha  Maval  Tralalat  Syatana  Cantar  la  IMl.  rataraaca  1>  pravldaa  paaalbly  tha 
■oat  ccaprahtaalva  baektrouad  lafetMtioa  on  tha  alwlator  aiekaaaa  preblaa.  It  dlaeuaaaa  Ita  paraaatart> 
l^leatlena  la  tralalat  aaal  raaaareh  applleatleaa  aad  thaoratlcal  touadatloaa.  It  alee  llata  alaulater 
daalta  aad  preradural  eharaetarlatlea  with  pataatlal  for  Influanetat  pilot  aiekaaaa.  It  la  atatad  that  tha 
aiaulator  aiekaaaa  atlaloty  la  aa  yat  aot  clearly  uaderatood  lartaly  bceauaa  of  tha  lateraetlat  affacta 
■hleh  can  produce  uaaaalnaaa  for  apaelfle  eakblaatleoa  of  ladapaadant  varlablaa. 

A  tuple  that  raaulraa  aarloua  attaatloo  la  the  dealta.  davalopaaat  aad  aaaufactura  of  tlltht 
Bl«..I'tora  la  tha  aapaet  of  ■atloa  cua  taaaratloa.  Notleo  euua  ara  provided  threuth  tha  vlaual  dlaplay  of 
out-of-tha-cockplt  acaaary  and  platfota  aotloa, 

Notloa  cuaa  ara  elaarly  related  to  tha  phaaeaMooa  of  aiaulator  alchaaaai  la  all  docuaaatad  eaaaa  of 
alMilator  alekneaa.  a  vlaual  dlaplay  of  vahlela  dyaaalca  haa  bean  Involved  (tat.  2). 

Tha  aahaaead  raallaB  la  the  depletion  of  tha  outalda  vlaual  acaaa  eeablaad  with  plattoia  aotloa  la 
flight  alBulatloa.  or  the  perceived  ■otlon  aelaly  acaulrad  frea  vlaual  ayataaa  with  oahaacod  raaliaa  la 
flxed-baaa  alaulatera  eraata  prablaaa  la  the  field  of  alanlator  laducad  aiekaaaa. 

A  aaceaaary  factor  la  relation  to  the  eceurraaea  of  aiaulator  aiekaaaa  la  a  larpa  nald-Of-Vlaw  (lov) 
of  tha  outalda  vlaual  aeona  (TOV  la  aaeaaa  of  60  dat  la  tha  horlaontal  plane). 

la  thla  paper  aoaa  laportaat  phyalcal  paraaatcra  that  eharactarlao  advanced  vlaual  aad  aotloa  ayatana 
are  dlaeuaaed.  Tha  paper  la  Halted  to  traada  la  Vlaual  Syataaa  aad  Hotloa  Syataaa.  balB|  tha  aoat 
doalaaat  aotloa  cut  lanaratlao  ayataaa  la  alaulacora  for  flight  tralalag.  Tbarafora  no  attaatlao  la  glvaa 
hare  to  eoacrol  loading  ayataaai  cockpit  laatruaant  ayataaa  and  aouad  ayataaa,  avan  though  thaaa  thraa 
alaaonta  alao  produce  aanaatloBa  ralatad  to  aircraft  aotloa. 

A  flow  dlagra  rapraaaatlng  tha  operation  of  a  flight  aiaulator  la  dapleted  la  figure  l.l.  All 
aubayataa.  Including  the  caaputatloaal  ayataa,  coatrlbuta  to  the  laportaat  control  loop  laga  and  dalaya 
which  play  a  tola  la  the  perceptual  fidelity  of  the  aiaulator.  tofcraaca  1  Introducaa  elaarly  the  rola  of 
theaa  laga  aad  dalaya  aa  alckaaea-coatrlbutora.  One  latcraatlag  obaarvatloa  la  that  tha  pilot,  aa  a  raault 
of  aueh  laga  and  dalaya,  aay  adept  a  control  behaviour  that  loada  to  pllet-lnducad  oaelllatleaa.  Such 
oaeillatleaa  My  eoatrlbuta  to  alckaaaa-coaat  (due  to  their  alnuaoldal  character) .  Thla  typo  of 
oaelllatleaa  aay  alao  ba  a  raault  of  laeorract  daaplag  la  control  loading  ayataM.  la  ganaral,  proper 
■odalllag  aad  dlaplaylag  through  a  control  loader  ayataa  of  all  factora  ralatad  to  control  "faal"  la  of 
dlract  ralavaacc  to  aiaulator  aiekaaaa. 

2.  lASIC  COING  MTaOOOlOGT 

Tha  vlaual  dlaplay  of  eut-of-tha  cockpit  acaaary  prewldaa  vlaually  I'iducad  aotloa  cuaa. 

The  dagraa  to  which  tha  acaaary  ganeratad  and  dlapl^ad  by  the  vlaual  ayataa  auat  raflaet  raal-world 
■canary  la  highly  taak-dapandant . 


M 


ruttam  wttM  ta  •laalatM*  U  M  «•••  Mr««tali9  U  th*  ana  oti 

tattaitaaa  dtatartaaaaa 
atl«MlaBa 

•  aaaat  taaa  la  aa>aa**  vlaaal  taaaatlaaa  tklak  tffmmtf  alattan  Mtlaa) 

-  iaag  tan  aaaaUtatlaaa  (aair  laa-ttaqaaat^r  i^attan  aatlaat  tUt) . 


Wartaa'  lataatlaa  aapaklllttaa 

A  ktlaf  mimuf  ta  ftaaaatai  kalaw  at  tiM  tala  r^ayal  ky  tka  ^taatni  aaaaaty  aatlitalan  la  aatlaa 
lataatlaa  la  talatlaa  ta  tllakt  alaalatin.  lflU>  lit  IW  (lat.  1)  aaa  tka  ^'^>7  aaataa  tar  tka  aaarvlaa 

ytaatatai  kata. 

■MKUKaUk  CUMU  taaatkar  altk  tka  atalltka  (ta  ka  aaatlaaal  kalaa)  aalM  "tka  aaatlkalat  attaa". 
tan  tka  kainta  nkiatn  laaaiai  ta  tka  laaat  aar.  ta  tatal.  na  tlna  tktaa  ttaikly  attknaaal 
eaaala  taiat.  Ikalt  (aactlaa  la  niluna  ta  tkat  at  tata  lytaa. 

At  ttanaarlaa  kalaa  0.1  It,  kaaaaati  ckalt  lailaatlaaa  an  alaaa  to  aatalat  aatolatatlaaa.  Tkaaa  laa 
ttanatl—  at*  aanally  aaatalaat  aaly  la  aaa-atata  aaktelaa  aaak  aa  altylaaaa  «<  kata  tka 
anlaltcBlat  taaal  alpial*  an  ka  atalaatlat. 

Otount  ylay  tka  tala  at  nnata  at  ayaaltla  taraat  ana  yalt  *•  aataatat  la  tka  karlaantal  ylaaa 
altk  tka  kaat  la  Ita  aantl  yaaltln.  tka  atkat  yalr  la  arlntat  ytlaatlly  la  tka  aarttcal  ylan.  Tka 
atalltka  ata  taaayakla  at  tlattatalaklat  kataan  ttoaltatloBal  aaaalantln  aat  llaaat  acaalaiatln 
altk  taayaat  ta  lutrtlal  ayaea. 

TACnU  Ot  •aNUOUnoaT  ucimu  ytnlt  tatoatlaa  at  a  ekan*  at  orlaatatloa  (at  tka  koty)  at  a 
ckaatt  at  totca  an  tka  katy.  An  layortant  ekaraetatlatla  altk  taayaat  to  alawlatloa  la  tkat  tka 
oatyat  ot  tkaaa  taoayton  taata  ta  rtfitn  ta  a  tatataaea  laaal  tarlat  aaatalnat  aalten  ytaaaata 
ayyllcatloa. 

nomocvrm  am  KIHUmriC  niMIt  aUaal  tka  taUtlaa  yealtloaa  at  yatta  ot  tka  katy  aa  aall  aa 
tkalr  aaanaata.  All  ytaytlaeaytlaa  aat  kiaaatkatle  aaaaaa  toyatkar  yanlt  aakjaeta  ta  yataalaa  katy 
aecolatotlaaa  kaaat  an  tka  klntakaaieal  taaatloaa  ot  tka  kaat  aat  lUka  ky  aaaaurlai  altkar  tka 
tatca  taynltat  ta  kaay  tkaa  atatloaaty  at  tka  taanltlay  aatlaat. 

TU  nn  aaka  It  yaaalkla  to  ctaata  aa-«allat  aalt^antlaa  aaaaatloaa  ky  nalton  aatlaa  at  a  alta 
tlaual  tialt  (tltitally  latneat  aatlaa) .  Ikla  ykaaaaaaea  la  eallat  "aaatloa*  aat  la  kaaat  yrlaatlly  an 
tka  aatlaa  tatactlaa  eayakllltlaa  at  tka  yatl^ral  tatlaa.  (Tka  toaaal  araa  at  tka  tatlaa  la  tka 
kt|k  amity  eaatral  yart  at  tka  tatlaa  aaaaalatat  wltk  latya  actaalay  aat  taeoyaltlaa  aat  tkaa  tka 
cayaltlaa  aaata  of  atlf^tlea). 


Culat  ntkataloyy 

Matlaa  cala«  «aa  ka  taallnt  tktoack  tka  ttlaalatlea  ot  Taatlkalar  otyaaa.  TactUo  racaytata, 
ytaytlaeaytlaa  oatl  tlaaatkatle  aaaaaa  aat  tka  (yaa.  Ukaa  a  aaekaalaatlaa  at  tka  ttalalay  atiMlator  la 
aalaetat  alikoat  a  aatlaa  ayatn.  aa  la  ytaaantly  tka  eaaa  tat  a  cattala  elaaa  ot  tliktat  altetaft 
alaalatata  at  tka  OtAF  (kat.  A),  atlaalatloa  ot  tka  taetlla.  ytayrlaen*laa  aat  kiaaatkatle  aaaaaa  la  uaat 
ta  ■aaatata  aeeolaratloa  eaaa.  Daaleaa  aoeh  aa  a  t~aaai>  •  r^vlt  aat  otlek-akakara  are  aaat  la  tkaaa 
cooaa. 

la  tka  taUavlnc  attaatlaa  will  ko  facaaaat  an  aatlaa  ealay  tAreayk  atlOMlatlaa  ot  tka  tyaa  aat  tka 
TOatlkalor  oryu. 


Wlto-tlolt  vlawlly  Intaaat  aatlaa. 

Tka  ykawBaanoa  at  "aoctloa*  aaatloaat  akaaa  kaaat  aa  aaltan  aatlaa  ot  a  vlaaal  tialt  koeaata 
tffaetlva  okaa  tka  tiolMt-Vlaa  (K*)  la  laryor  tkaa  M  toy  aat  oeat  attactlaa  wltk  a  TOT  at  IM  day. 
yotk  llasar  aaetloa  oat  tltealat  waetlea  oceota. 

Tka  ytlaelyal  ekataetarlatlea  talaeat  tn  tka  ayylleatlaa  at  alaoally  latueat  aatlaa  la  tllykt 
aloMlattea  oral 

ekaraetatlatlea  ot  tka  wtaa!<l  tialt 

liyk  eaattaat  kottan  owar  at  laotc  Ml  ot  tka  yOT.  yroytr  briyktaaaa  aat  uolton  valaclty  aro  all 
layortaat  la  laetaoaloy  tka  ottacclaaaoaa  at  alaoally  latocat  aatlaa. 

kackarooat  aataoa  toraatagat 

Tka  aoalay  alaoal  tialt  okault  ka  yroaaatat  os  kackytaoat.  (ytatarably  tlatoat  lafonatlaa) .  yimt 
okjoeta  la  tka  kaekyrovati  auek  oa  klaalakaa  aa  tbo  yiajoctlaa  acraoB.  coa  laklblt  alaually  latocat 
aatlaa. 

llaaat  aaetlaa 

Llaaor  ttoaalatloa  of  oa  olterott  Cktooyk  a  otta  alaaol  tlott  alao  loota  to  wlaaally  latocat  oatteo 
atfocta.  Ilyk-ayoot  aawaaiat  ayyaara  te  oatarata  tka  yatcaytlaa  at  waloelty. 

elteoln  waetlea 

Vlsoally  iataeat  aatlaa  In  yaw  la  quite  attaatlaa  oaar  tka  roaya  of  aayuler  aaleetttaa  oy  te  W 
tay/aac  (at  you  rates  klltmr  tkaa  M  tay/oae  tka  aaetloa  kaeaoaa  "aMtarotat"!  tka  yarcaytloa  of 
aalf-mattea  la  laoa  tkn  tkat  of  Halt  retatloo).  y>r  alaoally  latueat  aatlaa  akeut  tka  yltck  or  toll 
•jcla  tutlay  laaol  tllykt.  tka  attoct  la  aetaally  a  yaratoalcal  aaa  ot  y'tek  at  rail  rata,  wltkoat  a 
cetraayeatUy  aoatlnoeaa  ekaayt  ta  yttek  at  toll  ooylaa.  If  tka  toll  or  yltck  Is  yartonat  akoat  a  wartt- 
eolly  ertaatat  woleetty  aactar,  kowstat.  It  will  aanally  yrotwea  eoatlawlay  aat  asayarataatcal  wlaaally 
latocat  totatlea  aanaatleas. 
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tmMttaM  <«•  M  riatlsra  Matlva* 

Tb*  MlciNttUt  CMMlt  hNwttM  M  Tau  gitaa  a*ar  a  llatta4  ira^aaaay  raata.  It  ia  etcaaaaqr  to 
"aaab  oat*  platton  Mttoa  at  »a*»  Xm  ftt»taatlaa.  to  that  a  Maaoto  of  antiaa  oooa  «ta  ba  aeblt«a4  «*lla 
tba  aataal  a»aM  la  abtab  tba  blattam  M*oa  (tMatoa)  la  li>tta4.  Tba  ata^iiaay  at  aaab-aat  alaorltlMa 
«aHa*«  M  ••  'rr^nT*—  awiaatattaa  at  tba  attaatlao  tbtaabol4a  at  tba  aaalcltaolat  a^aala. 

Tba  otalltba  glaa  tagU  taagaaia  bbaa  attaMlatat  bg  lUaat  acaalatatlaaa  at  auMaa  tilt.  Tba 
Htatgtiaa  at  tbaaa  aatloaa  aba*  a  taaaMatabla  aaaaat  at  lyatala  lag  (aalata  It  la  coatliaag  by  toM 
athar  eat.  aaab  aa  awlcltaalat  aaaal  aatlalty  at  alalaa). 

Tba  ralatlaaablg  at  gatol'***  to  aataal  llaaar  aaloalty  eaa  ba  ■egollag  aa  a  alaglo  tblH-aHor 
ayataa.  *t  aatiaMly  laa  ttagaaaalaa.  baloa  0.1  Oa.  alagtatloa  attaata  aoaa  Uta  glay.  aa«  tba  aagaltaga 
at  tba  Ht*al««<  wtlaa  baataaa  laaa  tbaa  that  at  tba  aggliag  aetloa.  Slaaa  tba  otbolltba  ata  laatgabla  of 
glatlagalablag  bataaia  llaaat  aaaalatatloa  aat  otlaatatloa  altb  laagaat  to  tba  vartlaal.  It  la  aam» 
graatlao  ta  aabatltata  a  ataagy  gltab  at  tall  attltata.  far  aoatalaag  llaaar  aaealaratlaa.  It  la.  baaaaar. 
vary  ligatiaat  Aat  tta  rata  at  gltab  aai  tall  otUlaag  U  nHatalag  tba  "g-tUt*  aaaoaaara  ba  tucb  aa  to 
aaalg  tba  gaaatatlaa  at  laagaartaat  (talaa)  aatlaa  aaaa. 

It  aaa  la  taatrlataO  ta  "g-tllt*  aaaaaawtaa  that  ratata  tba  aoabglt  at  aab-tbraabald  lataa  tba  tlaa 
takaa  fat  tba  aaaalatatloa  ta  ^  aaabad  aat  la  aataaaltaly  loag  aa<  laada  to  latalarabla  axcuralaaa  at  tba 
aatlaa  glatfota.  Ca^raalaaa  ata  gaaarally  aggllag  by  talllag  at  gltcblng  at  allghtly  augar-thtaabald 
ratoa  ta  tilt  aaglaa  laaa  tbaa  Idaally  raqalrad  aad  ralylag  oa  tba  latluaaea  at  tlaaal  aaaa  to  alalalaa 
tba  lagortaaea  at  tba  glaatagaaey. 


tatatactlaa  bataaaa  aaaaatloaa  daa  to  glattora  aatlaa  aad  alda-ttalg  vlaoal  atlaalatlaa. 

Tba  grlaclgal  llaltatlaa  oa  aaelaalaa  rollaaea  oa  alaatlly  laluead  aotloa  la  tll^t  alwlatloa  la  tba 
altaatloa  of  ragU  ebai«aa  la  llaaar  or  aagalar  aalaclty.  tgiaa  aaMao  ebaagaa  la  vlaual  tlaU  valo- 
clty  aro  aat  aaea^aalad  by  coaflralaa  glattora  aatlaa,  tbara  eaa  oecar  a  dlaturblng  aad  attaa 
laagtby  tlaa  dalay  In  tba  davalogaaat  at  aalf-aatloa. 

Ia  tba  abaaaoa  at  coatlialag  aatlaa  euaa.  aueb  at  algbt  ba  gaaaratad  by  glattora  aatlM,  tbara  art 
eoaatralBta  on  tba  aagaltuda  at  alaaally  laduead  aatlaa  attaata  aa  aall  aa  on  onaat  tlaaa. 

Taatlbular  cuaa  (aatdetreular  eaatla  aad  otalltbt)  ata  roagooaaa  to  aeealaratloaa.  Tbay  ara  lagortaat 
ahaa  aarly  dotactloa  of  aircraft  accalaratlon  la  ragulrtd  to  avoid  laatablllty  (of  tba  gl lot/ aircraft 
ayataa)  or  to  raact  to  critical  fallaraa.  Tbrougb  taatlbular  cuaa  tba  pilot  can  garcalva  aircraft 
aatlaa  aggraalaatoly  ISO  aaac  earlier  tbaa  tbrougb  vlaloa. 

Tlaual  euaa  ara  lagortaat  for  ataady,  alouly  ebaaglag,  ualoclty  garcagtlao.  Navlag  vlaual  tcaaaa  arc 
aagaelally  aggragrlata  for  lav  fraguaucy  aatlaa  alaulatioa  vltb  guaal-ataady-atata  velocity  aogaaota. 


).  Tn  CDI  COKFlia  TtOMT 

It  la  axtraaaly  doubtful  that  tbara  la  a  alagla  eauaal  factor  for  alaulater  alcknaai  ,  anyaora  tbaa 
tbara  la  for  aatlaa  alekaaat  la  gaaaral  (bet.  S). 

Syngteaa  of  alaulator  alckaata  laeludat  dlaorlcatacloa,  dlaalaaaa  aauaaa,  taaalt,  aplnalat 
acaaitloaa.  aoter  dyaklaatla.  flaabbaeka,  vlaual  dytfunctloa,  burplag,  coafualco  aad  dromtaoaa,  aaong 
otbara.  A  a<ahar  of  tbaaa  ayagtoaa  ara  alao  graaoac  oeeaaloaally  la  aotloa  alekaaaa  aagarlaacat.  Tar  tbaaa 
raaaaaa  tba  SIMSOtT  GUI  COHniCT  THEObT  (Uaa  raeogaiaad  aa  tba  SimUHtT  nAMUNCBaHT  TBgOKT)  of  aatlaa 
alekaaaa  baa  baaa  gaaarally  aceagtad  aa  a  working  aadal  far  alaulator  alekaaaa  (tat.  2).  Tba  aadal 
goatulataa  i 

"a  raftraaclag  fuaetlea  la  vblch  aatlaa  laforaatien  algaallad  by  tba  ayaa,  vaatlbular  ergaa,  tactile 
racagtora  or  grogrlocagtlva  aad  klaaatatle  aaataa  nay  be  la  eoatllec  with  tbaaa  laguta'  "aagactad"  valuta 
baaad  aa  a  aaural  atara  which  raflacta  gate  aagaclaaea,  or  with  baw  the  ayataw'a  circuitry  la  wired. * 

A  ceacagtuallaatlon  of  the  aaaaary  euafllct  thaary  of  aatlen  alck. 'to  la  ahowa  la  figure  3,1  (gaf.6). 


4.  VISUAL  STSTSNS 

la  all  decuaaatad  caaaa  at  alaulaCor  alekaaaa  a  vlaual  diaplay  of  the  axtamal  vlaual  acaaa  baa  baaa 
lavolvad.  la  addition  the  occurroaca  of  the  alekaaaa  phaaawaaan  la  atraa^ly  ralatad  ta  ayataaa  with  a  FOV 
la  axcaaa  of  about  60  dag  la  the  harlaoatal  plana.  Naarly  all  vlaualu  of  a^aacad  training  alaulatora 
axcaad  tbla  nunbar. 

Out-of-tha-wlndew  vlaual  alaulatioa  la  a  foraldabla  cballaaga  bacauaa  of  the  fantaatlc  parfomanca 
capabllltlaa  of  tba  huaaa  tya  aad  the  Inadaguato  uadarataadlag  of  baw  a  huaaa  uaoa  tba  vlaual  lafamatloa 
la  a  alaulator.  tafaraaca  7  which  baa  baaa  preducod  by  AOAID  RO  Harking  Greup-10  thorougbly  Idcatltloa 
and  doflaat  p^lcal  paraaatora  that  ^haractarlae  the  alaulator  vlaual  ayataa  aad  datamlaaa  Ita  fidelity, 

Vlaual  ayataaa  can  ba  broken  down  la  two  aubayatoaai 
laaga  gaaaratloa  ayataa. 
laaga  diaplay  ayataa. 

Tba  laaga  geaaratlaa  aad  diaplay  ayataaa  ara  baalcally  ladapaadaBt  aad  aoraally  can  ba  Intarcbaagad 
batwata  aanufaeturora. 

The  trend  towardt  alaaton  alaulatera  dlctataa  the  lacarparatlan  ta  the  alaulator  of  tba  capability 
far  daaandlBg  taaka  auch  aa  low-laval  aavlgatloa  aad  alr-ta-grouad  attack  for  fined  wing  aircraft  aad 
Hag-Of-thc-Barth  (HOI)  oparattoaa  aad  haver  for  hallcogtara. 

Tbla  daaaada  a  largo  FOV  In  ecablaatloa  with  vary  hl^  roaalutloo. 
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Tb*  trrad  Id  !■<(•  iDDDratlon  for  cralDlng  syataar  la  that  Coaputar  Gaaaratad  laatary  (CGI) 
taehnltuaa  vUl  ha  uaad  alaoat  axclualvalp.  Tha  Bain  thmat  In  tha  daralopaant  of  taaga  dlaplajr  aystana  la 
laaa  elaar.  though  It  la  probably  tha  Boat  laporeant  alaBant  In  tha  vtaual  ayataa. 

Ona  proapaet  for  praaantlng  hlgh-raaolutleni  larga  flald-«f-ylaw  acanaa  la  tha  laaar  projaetor.  Ona 
ethar  proapaet  la  tha  haad'-  or  haad/  aya  eouplad  araa-of-lntaraat  approaeh. 

Iha  lattar  coneapt  eoablnaa  eoat-affactlaa  laaga  ganaratlon,  bacanaa  of  balancad  datall  ovar  tha 
total  flald-of-rlaw  and  at  tha  aaaa  tlaa  potantlally  aolyaa  tha  "flald-of-vla*  varaua  raaolutlon  dlloBa". 
Ita  application  In  tha  training  flald  aay  ha  axpaetad  In  tha  naar  future. 


Inaga  ganaratlon 

CoBputar  Ganaratad  Inagary  or  CGI  ayitana  hava  prograaaad  anonoualy  raeantly  In  tha  laval  of  datall 
offarad  and  tha  quality  of  taxtura  which  la  an  laportant  aapaet  ralatad  to  raallatle  dapth  parcaptlon. 

Tha  drlvara  bahlnd  tha  raeant  laprovaaanta  In  Inaga  ganaratlon  hava  baan  tha  nllltary  with  thalr 
raqulraBanta  for  Blaalon  alaulatora  for  low  laval  flight  and  tank  warfare  aa  walx  aa  tha  airllna  Induatry 
with  thalr  raqulraaanta  ralatad  to  naxlalaad  uaaga  of  fli^t  alaulatora  In  all  aapacta  of  tha  training  and 
proflclancy  ehaeklng  of  thalr  flight  crawa.  Iha  daaerlptlon  of  eontaaiporary  "dayllght/duak/nlght"  vlaual 
ayataaa  uaad  In  tha  airllna  Induatry  (Padaral  Aviation  Adainlatratlon,  Fhaaa  III)  lai 
"A  vlaual  ayataa  eapabla  of  producing  aa  a  alnlBua>  full  color  praaantatlona.  aeano  eontant  ecaparabla  In 
datall  to  that  produead  by  4000  adgaa  or  1000  aurfacaa  for  daylight  and  4000  light  pointa  for  night  and 
duak  aeanaa>  6-foot  laabarta  of  light  at  tha  pllot'a  aya  (highlight  brlghtnaaa),  3-arc  alnutaa  raaolutlon 
for  tha  flald  of  vlaw  at  tha  pllot'a  aya,  and  a  dlaplay  which  la  fraa  of  apparant  quantitation  and  other 
dlatractlng  vlaual  affacta  whlla  tha  alaulator  la  In  notion". 

Futura  tranda  Indlcata  that  with  locrtaalng  uaa  of  VLSI  (Vary  Larga  Scala  Intagratlon)  and  avantually 
VHSIC  (Vary  High  Spaad  Intagratad  Clrculta)  tachnology.  not  only  will  ganaratlon  capability  contlnua  to 
Incraeaa.  but  coat  will  tand  to  dncraaat, 

CGI  will  Btka  pottlbla  tha  ganaratlon  of  full-flald-of  vlaw,  high  raaolutlon  Inagary  for 
flghtar/attack  typa  aircraft  alaulatora. 

A  Hat  of  a  nuabar  of  etatt-of-tha-art  laaga  ganaratlng  tyttawa  la  praaantad  In  flgura  4.1. 


Inaga  dlaplay 

Inaga  dlaplayt  In  training  alaulatora  can  ba  aubdlvldad  aa  follow! ; 

1  Larga  ailauth,  llaltad  alavatlon  flald-of-vlaw 
l.a  Infinity  optical 

Hultl-wlndow,  dlraet-vlaw  of  CRT'a  plua  Infinity  optica, 
l.b  Projaetlon  aertan 

Multl-projactor  ayataa  ualng  a  "back-projaction-acraen"  and  a  concavt  nlrror. 


2  Vary  larga  flald-of-viaw 

1. a  Dona  projaetlon  ayataa 

2. e.l  Targat  traekadt  alr-to-air  conbat  alaulatora  and  cartaln  air-to-ground  alaulatora 

2. a. 2  Head/aya  track.I.  Araa-Of-Intaraat  (AOI)  approach 

l.b  Balaat  nountad  ayataa 

Haad/aya  traekadt  Araa-Of-Intareat  (AOI)  approach. 

Of  tha  flrat  group  It  aay  ba  of  Intaraat  to  Indlcata  htw  tha  "projaetlon  acraan"  (T.b),  tha  noat 
aodarn  of  tha  two,  worka. 

In  thaaa  ayataaa  a  flald  of  vlaw  of  ISO  dag  (or  200  dag)  in  ailauth  and  40  dag  (In  alavatlon)  la 
produead  ualng  thraa,  four  or  flva  CRT  projactora,  aech  with  rad,  graan  and  blua  tubaa,  drlvan  froa  thraa, 
four  or  flva  CGI  channala,  and  a  back-projactlon  acraan  and  a  concava  alrror.  Flgura -i,.2  daplcta  tha 
prlnclpla. 

Of  tha  aacond  group  attantlon  la  dlraetad  towarda  tha  AOI  approach  (l.a. 2  and  2.b).  With  ragard  to 
the  targat  traekad  dona  projaetlon  approaeh  (l.a.l)  ona  abould  ba  awara  of  a  noval  fora  of  vlaual  and 
BO.:lon  ayataa  Intagratlon  for  a  alaulator  for  flghtar  R  and  D  work,  rafaranea  B.  Iha  notion  ayataa  and  tha 
cockpit  ara  houaad  within  a  flxad  doaa  and  aaaoclatad  projaetlon  aqulpaant  (contaaporary  davlcaa  uaa 
notion  platforaa  carrying  a  doax  and  aaaoclatad  projaetlon  aqulpaant). 

Tha  Araa-Gf-Intaraat  (AOI)  approaeh  laploya  haad/aya  alavlng  and  la  tailored  to  natch  tha 
paychophyalcal  parfomanca  of  tha  huaan  vlaual  ayataa. 

Ita  prlnclpla  la  baaad  on  ganaratlng  and  projactlng  tha  blghaat  laval  of  datall  and  raaolutlon  only 
In  an  araa  of  Intaraat  coinciding  with  haad  poaltion  and  tha  orlantatlon  of  tha  ayaa.  Thla  aaana  that  high 
raaolutlon  laagary  la  only  raqulrad  ovar  tha  vary  aaall  fovaal  flald-of-vlaw  (typical  20  dagraaa). 

At  praaant  tha  davalopaant  of  AOI  ayataaa  la  an  araa  of  groat  activity. 

Aa  an  axaapla  of  tha  AOI  approach  aaployad  In  a  dona  projaetlon  ayataa,  tha  ESPRIT  (Eya-Slavad  Projaetad 
Raatar  Inaat)  ayataa  of  Slngar  Llnk-Mllaa  can  ba  aantlonad  (Raf.  B).  Saparata  projactora  for  tha  fovaal 
high  raaolutlon  Inaat  laaga  and  tha  paripharal  low  raaolutlon  ("background")  liuga  ara  uaad.  An  aya 


rrtt-M  u  tatfx 


2-5 


•lavlni  aystw  la  uaad  to  drlva  tha  fovaal  prejactor  and  to  eoaaaand  tha  CGI  apataa  to  ganarata  tha  laaga 
for  tha  Inatantanaoua  ajra  pointing  dlraetlon. 

A  configuration  with  a  fovaal  projector  giving  1.5  arc  nlnutaa  par  plxal  raaolutlen  (aqulvalant  to  5 
arc  nlnutaa  par  llna  pair)  and  thraa  background  projactora  covering  270  dag  In  aalnuth  and  130  dag  In 
elevation  la  under  davelopnant.  Figure  4.3  dapleta  tha  SSPKIT  r/acan, 

4n  axanpla  of  tha  AOI  approach  ualng  a  halnct  aountad  ayataa  la  tha  binocular  CAE  Fiber-Optic  Relaet 
Mounted  Dlaply  (FODD)  (Kef.  10). 

Thla  laao  dlaplay  ayatan  axlata  of  llghtvalve  projactora.  ralay-conblnlng  optica,  flbcr-optlc 
cablaa.  halaat.  halaat  dlaplay  and  the  halaat  poaltlon  and  orientation  aanalng  ayataa. 

Tha  dlaplay  for  each  aye  haa  both  a  background  and  a  hlgh-reaolutlon  Inaat  channel.  A  four-channel 
CGI  ayataa  la  uaad.  True  ataraoacople  viewing  la  poaalbla. 

A  akatch  of  tha  halaat  plue  aaaoclated  coaponanta  and  tha  dlaplayad  flald-of-vlew  la  given  In 
figure  4.4. 

Tha  pilot 'a  FDT  In  a  aodam  high  perfonaanca  alngla  aaat  fighter/  attack  aircraft  la  approxlaately 
300  dag  aalauth  and  a  noalnally  unobatruetad  upper  FOV.  For  VTOL  flghtara  or  (attack)  hallcoptara  an 
additional  downward  view  of  40  to  50  dag  la  of  laportanca. 

The  required  raaolutlon  of  2  arc  nlnutaa  for  affective  (alaalon)  alaulatlon  la  obtainable  with  the 
AOI  davlcaa  deaerlbad  above. 

Aa  la  Indleatad  above,  high-quality  dlapleya  (hlgh-raaolutlon  and  alaoat  unllnltad  flelda  of  view) 
are  now  being  raadled  for  uae  In  reaearch  and  devalopnent  alaulatora.  Application  In  the  training  field 
nay  ba  expected  in  the  near  future. 

A  Hat  of  a  nuabar  of  atata-of-tha-art  dlaplay  ayataaa  la  given  In  figure  4.5. 


5.  MOTION  STSTEMS 

It  haa  bean  daaonatrated  In  aevaral  atudlea  that  proper  dealgn  of  certain  aapecta  of  the  platfon 
notion  ayatan  la  quite  critical  to  tha  avoidance  of  alnulacor  alckneaa. 

Motion  ayatana  are  widely  uaad  aa  pert  of  flight  slnulator  Inatallatlona  In  the  nllltary  and  the 
civil  training  flelda. 

The  conpleta  notion  ayaten  conalaCa  of: 

-  notion  cue  generation 

-  notion  drive  logic 

-  notion  hardware  nachenlan 

The  cue  generation  and  drlva  logic  are  anbodled  la  aoftwara.  Below  a  cloaer  look  at  cue  generation 
and  hardware  nachanlaa  will  be  taken  baeauae  they  detemlna  tha  notion  cue  charactarlatlca. 


Motion  cue  generation 

An  aiaantla.l  tranafomatlon  in  relating  a  notion  ayatan'a  dlaplacanant.  velou.ty.  and  acceleration 
capabllitlaa  to  Ita  eua-produelng  potential  In  varloua  alnulatad  flight  eltuatlona  la  a  conaldaratlon  of 
the  technique  uaad  to  attanualt  tha  notlona  of  flight  to  tha  axcuralon  envelope  of  tha  alnuletor.  The 
connonly  uaad  taehnlqua  la  direct  attenuation  and  linear  hlgh-paaa  filtering. 

Tha  charaetarlatlc  frequency  of  each  filter  la  directly  related  to  the  naxlnun  anplltude  of  tha  lower 
frequency  accalaratlona  anticipated  In  the  flight  to  ba  alnulatad.  the  axcuralon  envalopa  of  tha  notion 
ayataa.  and  tha  degree  to  which  direct  attenuation  la  aceaptabla  or  neccaaaary. 

Aa  a  raiult  of  the  conatralnta  Juat  aentloned  the  characterlatlc  frequenclea  of  the  ''waah-out” 
flltara  quite  often  coincide  with  the  frequency  range  for  aanoeuvrea.  Thla  laada  to  phaaa  advancea  In  tha 
notion  cue. 

Tha  "g-tllt"  aanoeuvra  aa  dlacuaaed  In  Chapter  2  la  alao  generated  within  tha  cua  generating 
algorltha.  Tha  llnlta  of  application  of  "g-tllt"  ahould  ba  atudlad  through  further  reaearch;  a  potential 
conflict  with  propar  alnulatlon  of  angular  cuaa  doaa  axial. 

A  furthar  role  for  tha  cua  ganeratlon  algorlthna  la  to  apply  "Halt  logic"  to  keep  tha  notion 
nachanlaa  off  Ita  atopa  (and  thua  avoldlrg  tha  activation  of  tha  ultlaate  hardware  Halt  awltchaa)  and  to 
allow  a  aaooth  racovery  frea  any  aaturatlon  of  deaant'e.  Tha  "Halt  logic"  ahould  act  without  undue 
dlaturbanca  to  the  pilot.  Aa  he  contlnuea  to  fly  tha  alaolator  tha  aotlon  ahould  recover  back  to  noraal 
operation. 

There  la  conaldarable  opportunity  for  tha  laprovoant  of  notion  cua  generation;  axtanalve  reaearch  la 
needed  In  thla  araa. 

Recent  traatlaaa  on  flight  alaulator  aotlon  cue  generation  with  aapheala  on  tranaport  aircraft  are 
given  In  rafarancea  11.  12  ai:d  13. 


Motion  hardware  nachanlaa 

AGARU  FNP  Working  Group-07  reported  la  1979.  rafaranca  14.  tha  flrat  aubatantlva  attaapt  to  naaaura 
perforaanca  of  tha  awltlpla  dagraa-of-fraadoa  notion  ayataaa.  Tha  rafaranca  apaclflaa  a  unlfora  aathod  of 
aaaaurlng  and  reporting  aotlon  ayataa  perforaanca  charactarlatlca. 

Tha  aoat  obvloua  phyalcal  charactarlatlca  of  the  hardware  are  tha  ayataa  axcuralon  llalta.  They  ara 
defined  aa  tha  axtranaa  for  dlaplacanant.  velocity  acd  accaleratlon  which  can  be  reached  during  controlled 
alngla-degraa-of-fraadca  operation. 

It  la  anticipated  that  ayataa  axcuralon  llalta  will  not  be  Incraaaad  and  tharafora  no  algnlfleant 
Incraaaa  In  aotlon  cue  nagnltuda  or  duration  will  ba  raallaad. 
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Th*  BOtton  cu*  capability  obtalnabla  with  a  ayataa  la  probably  baat  rapraaantad  by  two 
charaetarlatlea  ealltd  tha  "oparatlonal  aseuralon  llalta"  (for  alnuaoldal  Input  algnala)  and  tha  "dynanlc 
thraahold". 


Operational  oxcurslon  llalta i 

thaaa  llalta  datacalna  tha  notion  eua  aagnltuda  tha  platfom  can  provide  without  ganaratli  : 
unaeeaptable  aecalaratlon  nolaa.  Tha  oparational  (and  tha  ayataa)  axcuralon  llalta  can  be  diapl  lyad  In  a 
dlagraa  of  velocity  varaua  frequency  for  each  dagraa  of  fraadont  aaa  figure  S.l. 


Dynaalc  thraahold 

The  dynaalc  thraahold  Indlcataa  how  quickly  tha  notion  eua  can  be  provided.  For  hydroatatlc  baarlnga 
and  correct  lead  conpanaatlon>  tha  dynaalc  thraahold  can  be  kept  below  SO  aaac  for  aecalaratlon  atop 
Inputa  larger  than  0.02  g,  aaa  figure  5.2. 

Tha  tlalng  of  tha  varloua  klnda  of  action  cuaa  provided  by  tha  total  ayataa  la  of  great  laportanca. 
Tha  tlalng  of  an  acceleration  cue  la  aapaclally  laportant  to  the  pilot.  It  ahould  ba  eloaa  to  that 
exparlencad  In  real  flight)  the  trend  In  laprovaaanta  In  ccaputar  update  ratea  haa  a  poaltlva  affect  on 
tha  raductlon  of  action  eua  raaponaa  tlaa. 

Aa  one  axaapla  of  an  advanced  6  dagraaa~of~fraadca  action  ayataa  figure  5.3  praaanta  tha 
apaelfleatlon  of  a  aecond  generation  hydroatatlc  action  ayataa  produced  by  Hydraudyna  (Boxtal,  Tha 
Natharlanda)  for  the  Nation.  1  Aaroapaea  Laboratory  NLR.  Tha  apaelflad  accalarationa  and  frequency  raaponaa 
ara  well  In  azcaaa  of  the  eapahllltlaa  of  eoncaqtorary  ayataaa.  Figure  5.4  praaanta  tha  aaehanlcal 
conatructlon  with  alx  linear  hydraulic  aarvoaotora. 


6.  QUALITY  CONTROL 

High  quality  aalntananca/eallbratlon  of  hardware  and  aoftwara  la  naadad  to  aafaguard  continued 
operation  of  tha  alaulator  at  tha  fidelity  level  at  tha  tlaa  of  Ita  delivery. 

A  nuabar  of  obaarvad  Inatancaa  of  alaulator  alcknaaa  had  to  do  with  raaldual  digital  prograa  arrora. 
Other  Inatancaa  could  hava  bean  linked  to  not-properly  calibrated  hardware  alaaanta. 

In  tha  civil  world  one  can  obaarva  that  tha  introduction  of  alaulatora  with  powerful  action  cuing 
capability  (large  flald-of-vlaw  vlauul  ayateaa,  6  dagraa-of-freedoa  notion  platfonaa)  la  paralleled  by  tha 
laauanea  of  docunanta  for  tha  approval  of  thalr  uaa  In  training  and  checking  of  proficiency  (Ref a.  15>  lb 
and  17). 

It  la  noted  that  while  pravloualy  only  qualitative  chacka  ware  parfomad  by  tha  regulatory 
authorltlaa.  now  a  clear  trend  towarda  a  contlnuoua  checking  of  the  davlcaa  agalnat  tha  data  uaad  In  tha 
Initial  approval  phaaa  can  ba  dlatlngulahed. 

To  give  an  lapraaalon  about  tha  aavarlty  of  tha  racurrant  evaluation  achaaa  of  alaulatora  aa  required 
In  the  USA.  It  la  noted  that  according  to  rafaranca  IS  they  ara  evaluated  ovary  4  aontha.  In  each 
recurring  evaluation  1/3  of  tha  parforaanca  taata  in  tha  Approval  Teat  Culda  (ATG)  will  be  checked  ao  that 
each  year  the  ccaplata  ATG  will  be  taatad. 

It  la  not  clear  what  tha  praaant  altuation  la  with  regard  to  raqulraaanta  for  racurrant  avaluatlon 
within  the  allltary  (alaulator)  training  coaaunlty.  No  docunanta  (a.g.  allltary  apaclflcatlona)  concerning 
Initial  and  contlnuad  approval  could  ba  located. 

It  la  not  known  If  tha  Introduction  of  tha  ayataaa  baaed  on  tha  araa-of-lntareat  approach  doaa  not 
require  a  higher  level  of  aducatlon  and  training  of  aalntananca  paraonnal  than  tha  level  required  for 
contaaporary  ayatana. 

Inappropriate  uaa  of  tha  powerful  Vlalon  and  Flatfora  Motion  cuing  davlcaa  by  tha  paraona  charged 
with  tha  tank  of  running  the  training  aaaaiona  can  hava  dovaatatlng  affects  on  tha  wall  balng  of  the 
pilot.  It  auat  ba  claar  Chat  propar  training  of  these  parsons  Is  of  utaost  laportanca. 


7.  CONCLUDING  OBSERVATIONS 

Arsa-of-lntarast  laaga  displays  show  prcalsc  to  ba  Introduced  alongside  tha  type  of  syataas  prasantly 
In  use.  They  nay  ba  of  tha  dons  projection  or  tha  halaat-aountad  type.  Haad/tya  tracking  davlcaa  will  ba 
applied  to  axpandad  flald-of-vlaw  visual  ayataaa  and  to  Insert  high  resolution  detail  Into  tha  area  balng 
vlawad  by  tha  pilot. 

Rassarch  should  ba  directed  to  platfora  notion  cue  generation  philosophy  and  aabaddad  Halt  logic  of 
notion  basaa  In  order  to  laprova  tha  art  of  flight  slaulatlon. 

Quality  control  with  raspact  to  contlnuad  operation  of  flight  alaulatora  (aalntananca/eallbratlon)  la 
assantlal  with  regard  to  alaulator  fidelity)  a  relationship  with  the  oecuranes  of  alaulator  alcknaaa 
axlsta. 

Propar  training  of  tha  parsons  who  ara  In  charge  of  tha  powerful  Vision  and  Platfom  Motion  cuing 
davlcaa  la  of  utnoat  laportanca. 

May  I  conclude  to  say  that  tha  views  I  hava  sxprasssd  are  ay  own.  and  do  not  nacaaaarlly  raflaet  the 
vlawa  of  Che  Flight  Machanles  Panel  of  AGARD  or  tha  viswa  of  ay  aaployar.  tha  National  Aaroapaea 
Laboratory.  NLR. 


2-7 


8.  REFERENCES 

1  CaMlli  J.G. 

"Vahleular  Siaulator-Inducad  Sleknaaa"|  Naval  Tralnlnt  Syataaa  Cantar 
Raporti  NTSC-TR-86-010  (Vol.  D/OH  (Vol.  H)/012  (Vol.  111). 

2  HcCaulay,  H.E. 

"Raaaareh  Itiuaa  In  Slaulator  Sicknaaat  Proeaadlnga  of  a  Workahop"i 
National  Acada^r  Praaa,  Hathlntton  O.C.(1984). 

3  Anon 

"Fldallty  of  Slaulatlon  for  Pilot  Tralnlnt";  AGARS  Advlaory  Raport  No.  1S9  (1980). 

4  Stalnt  K.J. 

"USAF  Evaluataa  Naw  Slnulator  laagary"  In  Aviation  Waak  and  Spkca  Tachnology,  Juna  11  (1984)  pp.  74. 

5  Frank,  L.N.,  Kallogg,  R.S.,  Kannady,  R.S.,  HcCauliy,  H.E. 

"Slaulator  aleknaaai  A  apaelal  eaaa  of  tha  tranaforaad  pareaptual  world"; 

Vol. I:  "Seopa  of  tha  problan",  MTEC-TN-65. 

6  Banaon,  A.J. 

"Motion  alcknaas"  to  "Aviation  Madlclna;  Phyalology  and  Huaan  Factora", 

Voluaa  1,  Trl-Hi  aoka  Ltd.  (1978). 

7  Anon 

"Charactarlatlea  of  Flight  Slaulator  Vlaual  Systaaa";  AGARS  Advlaory  Raport  No.  164  (1981). 

8  Bamaa,  A.G. 

"Oparatlng  axparlanea  of  a  aaall  tlx  axla  notion  ayataa  Inalda  a  dona  with  a  wlda  angle  vlaual 
ayataa”;  AIAA  Papar  No.  87-2437  (1987). 

9  Cowdry,  O.A. 

"Advanced  vleuala  In  nlealon  alenilatora"  In  AGARS-CP-408  on  "Flight  Slaulatlon"  (1986),  pp.  3.1-3.10. 

10  Lypaeaewtkl,  P.A.,  Jonea,  A.D.  and  Voorheet,  J.N. 

"Slaulatlon  In  aupport  of  advanced  cockpit  davalopaant";  AIAA  Paper  No.  87-2572  (1987). 

11  Baarapul,  M. 

"Flight  aiaulation  tachnlquee  with  eaphtale  on  the  generation  of  high  fidelity  6  OOF  notion  cuaa"  In 
Proeaadlnga  of  the  ISth  Congraaa  of  the  International  Council  of  the  Aeronautical  Sclencea,  London, 
(1980). 

12  Baarapul,  H.,  Hotaan,  R.J.A.W.,  and  Van  det  Vaart,  J.C. 

"Soaa  fundaaantala  of  alnulator  cockpit  notion  generation";  In  Proeeedlnga  of  the  Royal  Aeronautical 
Society  Conference  on  "Advaneee  in  Plight  Slaulatlon  Vlaual  and  Motion  Syetaae",  London,  (1986). 

13  Reid,  L.S.  and  Mahon,  M.A. 

"Tho  reaponee  of  airline  pllota  to  flight  alaulator  action";  AIAA  Papar  Mo.  87-2436  (1987). 

14  Anon 

"Dynaalc  Characterletlce  of  Flight  Slaulator  Motion  Syatans";  AGARS  Advlaory  Report  No.  144  (1979). 

15  Anou 

"Airplane  Slnulator  and  Vlaual  Syatea  Evaluation";  Federal  Aviation  Adalnlatratlon,  Advlaory  Circular 
No:  12(;-40A,  July  1986. 


16  Anon 

"Rotoreraft  Slaulator,  Vlaual  And  Motion  Syatea  Evaluation”;  Federal  Aviation  Adalnlatratlon,  Draft 
Advlaory  Circular  No:  120-XX,  Juna  1985. 

17  Strong,  J.F.,  Harper,  P.J. 

"Tha  CAA'a  approach  to  tha  approval  of  flight  alaulatora"  In  Proeeedlnga  of  tha  Royal  Aeronautical 
Society  Conference  on  "Flight  Slaulatlon  of  Hallcoptara;  Statua  and  Proapecr.a",  London,  (1965), 


ACENOHLEDGEMENT 

Tha  author  wlahaa  to  axpreaa  hla  gratitude  to  tha  collaaguea  at  the  National  Aeroapace  Laboratory  NLR 
and  frlanda  at  Salft  Unlvaralty  of  Technology  who  reviewed  tha  paper  In  draft  fora.  In  particular  the 
aaalatanca  of  Sr.lr.  J.H.  da  Laauw  who  In  addition  aaaaablad  the  Infnraatlon  on  vlaual  ayateaa  pieaented 
In  tablaa  4.1  and  4.5  la  acknowledged. 


A- CONCAVE  MIRROR 
B- SCREEN 
C- PROJECTORS 


2-13 


FREQUENCY 
(LOG  SCALE) 


rig.  S-l  Ixeurdoii  nd  oparatloul  Halt*  tor  alnuioldol  Intut  ilgnoli 


REGION  TYPICALLY  NOT 
DRIVEN  BY  THE  COMPUTER 


COMMAND  INPUT  ACCELERATION 
(LOG  SCALE) 


Flf.  S-l  DyatBlc  thraabold 


Syccm  llattt 


Dlaplacaaant 

Valoclty 

Acealaratlon  1 

pos 

nag 

poa 

nag 

pot 

nag 

longitudinal 

1.72 

1.34 

(•) 

.8 

.8 

(m/a) 

8 

8 

(«/a») 

lataral 

1.39 

1  39 

(«) 

.8 

.8 

(■/a) 

8 

8 

(■/a*) 

vartleal 

1.01 

1.14 

(») 

.8 

.8 

(■/•) 

10 

10 

(■/a*) 

roll 

30.3 

30,3 

(dag) 

3n. 

30. 

(dag/a) 

200 

200 

(dtg/a») 

pitch 

28.7 

28.9 

(dag) 

30. 

30. 

(dag/a) 

200 

200 

(dag/a*) 

7«v 

41. d 

41.4 

(dag) 

3U. 

30. 

(dag/a) 

150 

150 

(dag/a*) 

Fraqutncy  raapOM* 


fraauancy  (Ha) 

■ax.  phaaa  anala  (daa) 

aaplltuda  ratio 

i  t  Hi 

3  4  Hi 

2.0 

43 

1.0  1  0.1 

batwaan  0.7  and  1.0 

*)  with  SOOO  kc  uaaful  load 

Ftf.  S>3  Spacttioattoa  tot  th«  tirttaa  Halts  sad  trsausaey  rasposia  of 
tks  tod  adssrsttos  kjrdraststle  aotios  syatsa  st  NUl 


MS 


DISCUSSION 

OUSDSYt  Did  you  asy  that  an  aya-tracklnq  ayatam  would  ba  uaad  to  anhanca  tha  viaual 
ISiaqa7~  If  ao,  what  aya-traeklng  ayatan  would  ba  uaad? 

NOOlJt  Tha  anawar  to  tha  first  part  of  tha  quaatlon  la  yaa.  1  think  aya-tracklnq  will 
ba  uaad  to  aiaka  a  elaarar  laiaqa  In  tha  llna  of  alqht.  Thaaa  particular  davlcaa  raqulra 
hlqh  raaolution  In  a  20^  circular  flaldi  tharafor*  wa  naad  a  nuiabar  of  lataqa-qanaration 
^annala.  Tha  ta^nolooy  of  aya«traeklnc  la  atlll  In  a  atata  of  flua,  Thara  ia  axparl- 
aantatlon  with  .'tathoda  ilka  Infrarad  raf faction  upon  tha  ayaball,  but  thara  ara  always 
training  and  calibrating  preblaaia  Involvad.  I  aaauaw  that  tha  aya>traeklng  problait  will 
ba  aolvad.  Tha  halant-anuntad  display  shown  on  tha  allda,  at  tha  ncaant,  ia  only  haad- 
trackad.  This  maana  that  tha  high  raaolution  part  la  aat  In  tha  eontar  of  tha  right 
alda  of  tha  haliaat  and  not  of  tha  ayaai  and  that  way  ba  a  big  problam  -  I  don't  know  - 
tha  particular  syataai  la  just  cowing  on  lino  at  NASA  Awaa,  but  tha  aim  la  to  waka  it 
oya*‘slavod.  Tha  othor  ono  -  tha  Slngar-Llnk  aystow  on  tha  platform  ahown  on  tha  allda  > 
tnay  claim  that  It  la  a  fully  oya-alavad  ayatam  or  ecmblnation  ayo/hoad-slavmd  aystom. 

SLLISi  I'd  Ilka  to  aak  anothar  quaatlon  along  thla  aawa  llna.  1  think  tha  idaa  of 
ayo- track  la  at  least  B  yaara  old)  mayba  10,  and  tha  typical  problama  with  It  hava  boon 
tha  quality  of  aya-traek.  Tha  aya-traeklng  tachnlquea  I'va  saan  ara  probably  not  suffl- 
clant  for  particular  tasks,  I'm  wondaring  If  you  hava  aaan  tha  parfonnanca  of  soma  of 
thaaa  syatema,  aspaclally  tha  ona  that  actually,  aa  you  say,  claimed  to  ba  aya-tracked 
and  «dwthor  It  soows  to  ba  working  adoquataly. 

MOOIJi  Thla  la  difficult  to  anawar  from  my  own  knowladga.  I  am  not  acquainted  with 
thaaa  systama.  I  took  thaw  from  tha  lltaratura  bocauaa  these  ara  Important  trends  at 
tha  moment.  Thara  are  also  Indications  that  Image  generation,  tha  conputar  part,  will 
ba  growing  so  fast  that  In  two  or  three  yaara  tha  high  raaolution  solution  (l.S  arc 
mlrutaa)  over  tha  whole  180°  will  ba  available  for  tha  halmat-mount  system. 

KUJS»  I  ask«’  because  I  hava  heard  vary  similar  dlscuaslon  with  much  tha  same  impact. 
I'va  always  bean  vary  skeptical  as  to  how  wall  tha  aya-track  systama  work  because  I'va 
used  two  or  three  different  aystama  myaelf,  and  I  know  they're  highly  volatile.  In  fact, 

I  have  cona  to  believe  that  the  head-track  ayatam  would  be  batter  because  of  the  greater 
stability  of  the  image. 

WOOIji  To  begin  with,  all  thoaa  ayataisa  are  haad/eya-s laved  so  we  have  tha  head-track 
system  anyway,  Tha  performance  I've  heard  about  in  the  Canadian  aystom  la  good  ..1th 
tha  haad-track  ayatam . 

KU.ISI  Yaa,  haad-track  works  better. 

NAGEBi  I  worry  about  head-slaved  devices  and  aye-track  devices  because  it  seems  that 
evolution  haa  provided  a  tight  coupling  between  head  and  aye  movement  control,  and  so 
I  see  these  devices  aa  presenting  a  real  challenge  to  simulator  design.  This  may  make 
for  more  aimulator  sickness.  Mould  you  care  to  comment  on  thla? 

MOOIJi  No.  I  know  that  thara  was  a  big  confaronee  this  past  summer  in  Montreal,  l  pre¬ 
sume,  with  a  section  on  simulation  sickness,  and  that  would  be  a  source  of  tha  most  recent 
feedback  on  this.  But  I  am  not  aware  of  tha  practical  result  with  nvire  than  ona  pilot, 
let's  say,  in  a  training  situation.  It's  really  a  q'testlon  mark  -  I  agree.  It  may 
make  things  worse,  but  from  a  standpoint  of  simulation  and  high  resolution  -  on  paper 
(from  an  engineering  viewpoint)  it  seems  ’super"  naturally.  I  don't  want  to  go  Into  a 
coarnwrclal  talk  (I'm  from  a  government  laboratory  In  Holland),  but  soma  people  in  industry 
ara  axtramely  enthusiastic  about  It,  and  thay  have  claimed  so  far  that,  with  their  angl- 
naering  pilots,  thara  ware  no  problems i  but  these  pilots  know  tha  system  and  possibly  thay 
Icnow  not  to  move  too  fast.  Therefore,  such  claims  may  not  be  relevant  to  the  student 
pilot.  I  hava  ona  remark  In  addition  to  tha  paper  that  I  would  like  to  make  al>out  trends. 
I  forgot  to  mention  that  the  slses  of  motion  bases  wa  hava  now  In  tha  (•degree-of-freadom 
systama,  are  probably  at  a  swxlmum  (at  leart  for  tha  present).  Thera  ara  tremendous  de¬ 
velopments  yet  to  achieved  In  Image  generation  and  Image  display.  On  the  other  hand, 
tha  quality  of  smtion  reproduction  on  the  motion  base  is  very  good  these  days  If  you  do 
a  proper  job  and  the  slses  of  tha  motion  bases  will  not  go  further  than  wo  see  ^oday. 

There  are  soma  more  or  loss  practical  limits  related  to  slses  of  buildings,  power,  and 
costs. 
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amwary 

Itw  eUnleal  raaturaa  of  ibnulatar  tioknwa  ara  tlmUar  to  tlia  malalat  MuoaO  by  othar  motion  itbtwll.  Itw 
OMntlal  aotMloty  oi  tna  oonditlon  la  aonmoatad  to  ba  tna  aamo  at  in  othar  typta  of  motion  aleknoM,  namoly, 
tho  mMmatoh  batttoan  tha  motion  Information  provWad  by  tha  bodyb  rania  orfona  and  the  bratoib  Intamal 
mooai  of  Vxpaetad*  motion  eoaa.  Iha  mlamaten  oon  ba  batwaan  concomitant  Inputa  provMao  by  the  aitfular  and 
Unaar  accalamtien  tranadueara  of  tha  vaatibular  apparatuoi  or  batwaon  almial  and  vaatibular  Inpota.  Mora 
aifnlticontly,  w  a  iiMd  baaa  nmuiator  it  la  tha  aoaanca  of  axpaetad’  martial  eoaa  whan  tha  amblant  alaoal 
ayatam  la  atimulatad  by  the  axtamal  world,  alaual  duplay  that  anfondara  naoral  mlaaMteh.  Evan  whan  tha 
alimuator  haa  a  motion  baaa,  quantiutiva  and  tamporal  doparltlaa  oatwaan  viaual  and  Inartlal  eoaa  commonly 
eeoor  and  can  eontrlbota,  aiont  with  vlaoal  dtatortlone  and  other  anomaliaa,  to  tha  Induction  of  iha  motion 
aleknaaa  ayndroma. 

Introouetton 

Simulator  aieknoaa  la  a  term  uaed  to  daaerlba  the  ayndroma  of  algna  and  aymptoma  that  have  bean 

aapaHanead  by  Inoivlduala  durlni  and  altar  axpoauro  to  motion  In  almutatora.  Ihc  majority  oi  tha  reporta 

roiata  to  ayn^toma  Induced  In  ftl|ht  simulatora  (reviewed  by  Kennedy  et  al,  IbM),  but  ear  drivinf  almulatora 
havint  dynamic  visual  dlapiaya  alao  evoke  the  slyns  and  symptoms  whlcn  enaraeterlae  simulator  sleknasa  (Reason 
«  Uiaa,  ISTll  CMOU  ft  WierwiUe,  IVdOI. 

Itia  varied  maniteatatlona  of  simulator  sickness,  described  in  papers  revlewinit  the  problem  In  fllpht 

Simulatora,  are  listed  in  Ibble  1,  Apart  from  tnasa  data  oetnr  drawn  irom  several  different  types  ot  Illpht 
simulators,  rencBi(  from  helicopter  to  (ixed-wint,  air  combat  simulators,  there  Is  a  lack  ot  uniformity  in  tha 
raima  ot  subjaetive  information  elieitac  by  interview  or  queetlonnaire.  Itius  it  Is  not  possible  to  present 
maaninffui  tigurea  ot  the  Incidence  of  particular  signs  or  symptoms.  What  does  emerge,  however.  Is  a  clinical 
picture  In  whien  a  aignincant,  but  variable,  number  of  tlymt  parsonnel  experience  the  signs  and  symptoms  of 
motion  sickneas  during  simulated  flight  -  notably,  stomach  awareness,  nausea,  sweating,  headache,  dissiness  and 
orowaineaa,  but  rarely  vomiting.  In  addition,  they  report  other  symptoms  which  are  net  apeelfieelly 

cnaracteristie  of  motion  sickness,  in  particular,  false  perceptions  of  attitude  (I.e.  spatial  diaorlantaticn), 
physical  and  mental  tatigue  and  disturbances  of  vision. 

On  laavmg  the  simulator  there  is  usually  a  rapid  amelioration  of  symptoms,  though  In  common  with  the 
siokneas  Induced  by  other  provocative  motion  environments  (e^.  aaa-eleknaaa,  swing-siekness),  some  symptoms 
may  persist  for  several  hours  after  the  simulated  fUght.  In  addition,  symptoms  not  present  in  the  simulator 
may  become  manifest,  matucbancas  of  postural  equilibrium  and  ataxia  are  frequently  reported,  though  they  are 
usually  snorMIvad.  Iftss  common  are  the  visual  Vlash-baeks'  and  transient  Illusory  sensations  of  bodily  motion 
tnat  can  occur  sporadically  over  several  hours  after  the  simulated  flight. 

There  are  features  of  simulator  sickness,  other  than  signs  and  symptoms,  which  strengthen  the  argument 
that  simulator  siekness  m  just  another  form  of  motion  sickness.  For  example,  the  severity  of  the  disability  and 
its  atter-efraots  Is  a  funetien  of  the  duration  of  exposure  to  the  motion  stlmulua.  Another  common  feature  Is 
adaptation,  with  repeated  nights  m  the  simulstor  most  mdividuals  show  an  tnereasad  tolerance  and  reduction 
In  syn^toma.  There  Is  a  clear  parallel  In  the  adaptation  to  provocative  stimuli  in  the  simulator  with  that  seen 
in  the  adaptation  to  conditlans  of  sansoty  rearrangement)  whether  thw  be  the  atypical  aansory  environment 
produced  by  actual  (as  oppnead  to  simulatadl  nv<t>  by  a  ship  In  rough  seas,  by  a  slow-rotatien  room,  by 
wsightlaasnsss  or  by  visual  distortion  (a.g.  Inverting  goggles),  in  addition,  there  are  wide  Individual  differences 
in  susceptibility  and  differences  in  the  manner  In  which  malaise  is  manifest. 

The  Wrural  Mismatch  Theory 

In  order  to  explain  why  flight  simulators  may  elicit  the  motion  siekness  syndrome.  It  Is  necessary,  first,  to 
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ooniidtr  tlw  broader  problem  of  why  eertaln  motion  stimuli  induce  sickness.  ItM  importance  ot  confUetinr 
sensory  cues  as  the  principal  aetiolosieal  factors  in  motion  sickness  was  sucgested  more  than  a  century  ago 
(Irwuit  1881),  but  it  was  Reason  (1870,  1978)  who  flrit  presented  a  coherent  explanation  in  his  neural 

mismatch  or  annsorv  rearranaement  theory.  The  principal  concept  of  this  theory  is  that  motion  aiekness  oeeurs 
when  the  sensory  information  about  bodily  movement,  provided  by  the  eyes,  the  vestibulr.r  apparatus  and  other 
receptora  stimulated  by  forces  acting  on  the  body.  Is  at  variance  with  the  inputs  that  the  central  nervous 
system  expects  to  receive.  Essential  to  the  theory  is  the  postulated  existence  within  the  ceniral  nervous 
system  ot  a  model  of  afferent  and  efferent  neural  activity  asaoelatad  with  bodily  movement)  a  model  that  Is 
derived  through  daily  expertenee,  primarily  during  the  volitional  control  of  body  movement  and  t)w  maintenance 
ot  postural  e<)ullibrtum.  In  normal  locomotor  activity,  disturbances  of  body  movement,  such  as  when  one 
accidently  trips,  are  typically  brief  and  the  mismatch  between  actual  and  expected  sensory  inputs  from  the 
bodyu  motion  detectors  is  employed  to  Initiate  corrective  motor  responses.  However,  when  there  Is  a  sustained 
change  in  the  sensory  input  -  as  occurs,  tor  example.  In  atypical  motion  environments  or  when  tliere  is 

vestibular  disease  -  then  the  presence  of  the  mismatch  between  actual  and  expected  sensory  inputs  Indicates 
to  the  central  nervous  system  that  the  internal  model  is  no  longer  appropriate.  The  process  of  adaptation, 
initiated  by  the  mismatch  signal,  involves  the  modification  or  rearrangement  of  the  Internal  model  so  that  It 
corresponds  more  closely  witn  the  contemporary  sensory  afference;  consequently  the  mismatch  signal  is  reduced 
to  an  acceptable  kvel. 

The  presence  of  a  sustained  mismatch  sigral  has  two  efteetsi  one,  it  causes  a  learrangement  of  the 

internal  model)  and  two,  it  evokes  the  sequence  of  neural  responses  that  constitute  the  motion  sickness 
syndrome,  'there  is  clearly  benefit  to  t)ic  organism  to  be  derived  from  modifying  sensory  and  motor  responses, 
for  this  allows  It  to  function  more  effectively  in  a  novel  environment.  Whether  motion  sickness  has  any 
survival  value  is  more  problematical.  Iteisman  (1977)  has  suggesied  that,  in  an  evolutionary  context,  It  does, 
though  it  may  also  be  argued  that  motion  sickness  is  a  design  defect  which  has  only  recently  (in  an 

evolutionary  time  scale)  come  to  light  with  the  use  of  mechanical  aids  to  transportation  (Oman,  1980). 

Figure  1  is  a  dlagramatic  representation  of  the  functional  components  and  processes  embraced  by  the  nc^iral 
mismatch  theory.  Motion  of  the  body  is  detected  principally  by  the  eyes  and  the  vestibular  apparatus,  although 
changes  in  the  bodyls  orientation  to  gravity  and  imposed  linear  accelerations  are  also  transduced  by 
mechanoreceptors  in  the  skin,  muscle,  caiiaules  of  )oints  and  supporting  tissues,  which  may  be  considered  to 
act  synergistically  with  the  otolith  organs.  It  is  postulated  that  within  the  central  nervous  system  there  is  a 
neural  centre  that  acts  as  a  comparator  of  signals  from  the  receptors  with  those  from  the  internal  model  that 
stores  the  signature  ot  'expected'  signals.  The  cuput  of  this  comparator  is  the  mismatch  signal  that,  on  the 
one  hand,  is  responsible  for  modifying  the  internal  model  and,  on  the  other,  for  activating  the  neural 
structures  mediating  the  signs  and  symptoms  of  motion  sickness.  How  this  activation  is  achieved,  that  is, 
whether  by  purely  neuronal  or  whether  by  neuronumoral  mechanisms,  has  yot  to  be  determined.  It  is  necessary 
to  postulate,  however,  the  presence  of  a  leaky  Integrator  in  order  to  account  for  the  slow  development  of 
symptoms  following  exposure  to  provocative  motion,  in  addition,  the  development  of  protective  adaptation 
without  induction  ot  motion  sickness  and  the  large  intersubject  differences  in  susceptibility,  require  the 
presence  of  a  threshold  function  in  t.''.e  system. 

Identification  of  motion  cue  conflicts  Implicated  in  simulator  sickness 

SImuletlon  of  provocative  flight  environment.  There  are  a  few  research  flight  simulators  that  have  the 
capability  of  exposing  the  pilot  to  whole-body  motion  stimuli  having  angular  and  linear  accelerations 

comparable  to  those  achieved  in  actual  flight.  If  these  motion  stimuli  cause  sickness  In  flight  then  it  is  not 
surprising  that  a  reasonably  accurate  reproduction  of  the  dynamic  DIght  environment  will  evoke  sickness  in  the 
simulator.  In  such  circumstances  the  principal  neural  mismatch  la  between  the  information  provided  by  the 
angular  and  linear  acceleration  transducers  of  the  vestibular  aiiparatus  -  the  semicircular  canals  and  otolith 
organs  (U'tlanlon  ft  McCauley,  1974).  Linear  accelerations  at  frequencies  below  0.5  Hs  are  the  dominant 

provocative  stimuli,  but  head  movements  made  during  sustained  turns  and  other  rotational  motion  produclntr 
cross-coupled  (Coriolis)  stimulation  ot  Uie  aemiclrcular  eannls  may  also  be  Implicated  (Quedry  ft  Benson,  1978). 
It  is  not  proposed,  liowever,  to  diaeuss  in  more  detail  the  nature  of  the  mismatch  produced  by  such  motion 
stimuli  In  this  paper,  for  our  concern  la  primarily  with  the  motion  sickness  occurring  during  simulation  of 

flights  which,  in  the  aerial  environment,  do  not  induce  the  motion  sickness  syndrome. 
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Vttml  Cim.  TIm  timplMt  •xainplt  of  th*  rola  of  vlwal  etiM  in  tlw  aetiology  of  aimulator  aieknett  it  provided 

by  thoee  abnulaton  in  whieh  there  la  a  dynamiOi  axtamal  world,  viatial  di^day  but  no  phyaieal  motion  of  the 

ahnulator  bate  ta.t.  tha  SFHt  Ball  HTL  haliooptar  afamilator  (Millar  ft  Qoodaon,  1(301,  the  2E6  P4  alreratt 
abnulator  (MeauinaM  at  al,  IMll,  tha  UK  Air  Combat  aimulatort  (Chappalow,  li’RT)  or  tha  ■Slmulear'  motor 
oar  abnulater  (Haaaon  ft  Diaa,  lOTll).  In  autii  Mmiilatort  tha  extamal  vtaual  world  movaa  in  reiponae  to  the 
eontrol  inputa  ot  the  pilot  in  a  raaaonably  oonvbioinB  way  but  tha  vliual  input  to  tha  pilots  oantral  nervoua 
tyitam  ia  not  acoompanlad  by  the  (expaoted'  neural  tignalt  from  tha  body%  inertial  reoeptors  of  the  vestibular 
apparatua  and  tha  more  generally  diatributad  meohanoraeeptore.  The  importance  of  the  (expectation'  of 
correlated  signals  rrom  the  visual  and  Inertial  reoeptors  is  supported  by  the  fact  that  pilots  with  flight 
experienee  ot  tha  manoeuvres  In  tha  aircraft  being  simulated  were  more  likely  to  develop  symptoms  than  those 
who  were  not  familiar  with,  or  had  little  flight  experience  of,  the  aircraft  or  the  manoeuvres  being  simulated 
(Kennedy  at  al,  19U). 

The  angtUar  subtense  of  the  visual  diqtlay  ia  another  factor  in  determining  the  inoldenee  of  sickness 
(McCauley,  1(84)  for  tha  condition  la  much  commoner  in  those  simulators  having  a  wide  field  of  view  than  in 
those  in  whieh  tha  external  visual  world  display  is  confined  to  a  small  window.  The  Implication  of  this  finding 
is  that  stimulation  of  the  ambient  visual  system,  rather  tlian  the  focal  visual  system,  is  an  essential  feature 

for  the  generation  of  cue  conflict.  The  ambient  visual  system  is  part  of  what  may  be  termed  an  ambient 

orientation  system  In  whieh  there  is  eonve.genee  at  centres  within  the  brain  oi  signals  from  the  peripheral 
retina  with  those  from  vestibular  and  somatosensory  receptors  signalling  body  orientation  and  movement 

(Laibowits  a  Oiehgans,  1(80).  This  system  largely  operates  at  a  subeonseloiis  level  in  the  eontrol  of  body 
posture  and  equilibrium,  but  it  is  well  established  that  moving  patterns  in  the  peripheral  visual  field  can 

induce  powerful  sensations  of  bodily  movement,  the  so-called  veetlon  sensations  (Dlchgans  ft  Brandt,  1418). 
These  may  be  angular  or  linear,  depending  upon  the  form  of  the  dynamic  visual  stimuli.  Such  veetion  stimuli 
can  induce  the  motion  sickness  syndrome  if  the  sensed  bodily  motion  Is  not  In  accord  with  Information  from 
the  bodyh  inertial  receptors.  The  simplest  example  is  the  conflict  produced  by  a  roll  veetion  stimulus 
presented  to  a  subject  standing  erect.  The  visual  stimulus  engenders  a  sensation  of  body  movement  and  tilt 
from  the  vertical  position,  whilst  the  otoliths  and  other  gravireceptors  signal  tilt  in  the  opposite  direction  as 
a  result  of  the  compensatory  adjustment  of  posture  in  response  to  the  Illusory  sensation.  Yet  more  provocative 
Is  the  effect  of  head  movenMnt  in  roll  when  exposed  to  sn  angular  veetion  stimulus  in  yaw  -  the  "paeudo- 

Coriolla  effect"  (Diohgans  ft  Brandt,  1(73).  In  this  more  dynamic  situation.  Involving  active  head  movements  and 

inputs  both  from  the  semicircular  canals  and  the  otoliths,  the  visual  stimulus  is  almost  as  potent  as  actual 

bodily  rotation  in  yaw  in  the  induction  of  motion  sickness. 

There  are  many  reports  in  the  literature  of  the  problems  experienced  by  subjects  who  were  requires  to 
wear  optical  devices  that  distorted  vision  (reviewed  by  Uolesal,  1(82).  Gross  distortions,  such  as  right/left 
reversal  or  inversion  of  the  visual  scene,  are  initially  highly  provocative  of  motion  sickness  when  the  subject 
attempts  to  move  about  and  engage  In  normal  locomotor  activity.  Yet  even  minor  visual  distortions  such  as 
tha  change  in  magnification  of  spectacles  can  cause  symptoms,  albeit  less  severe,  on  the  first  day  or  so  that 
they  are  worn. 

In  common  with  other  aetiological  factors  in  simulator  sickness  the  relative  importance  of  distortions  of  the 
external  visual  world  display  ia  not  known.  There  is  anecdotal  evidence,  however,  that  geometrical  and 

perspective  errors  in  the  visual  display  of  the  helicopter  simulator  studied  by  Miller  ft  Ooodson  (1958)  made  a 
significant  contribution  to  the  IncMenoe  of  sickness.  Errors  In  the  optical  alignment  of  projected  displays 
relative  to  pilot  eye  datum  have  also  bean  Implicated  and  we  have  experience  of  an  RAF  Lightning  simulator 
which  nauseated  the  inatructors,  rather  than  the  students,  until  It  wu  discovered  that  the  display  was 

misaligned. 

Other  characteristics  of  the  visual  display,  such  as  Its  luminance  and  the  degree  of  scene  detail  depicted, 
may  also  bs  of  aetiologleal  significance.  It  may  be  argued,  however,  that  the  ambient  vtaual  system  is 
adequately  stimulated  by  low  spatial  frequencies  having  low  contrast  and  luminance.  Hence,  the  quality  of  the 
image  providing  visual  information  on  spatial  orientation  and  movement  Is  not  Important)  rather  it  la  the 
angular  subtense  ot  the  Imsge  that  determines  the  strength  of  the  visual  cue  and  its  ability  to  engender 
aensory  eonfliot.  On  the  other  hand,  tlie  quality  of  the  Imagery  has  a  direct  Impact  on  th(  dirfteulty  in 
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perfomlng  focal  vinial  taak*,  such  m  target  location  and  Identirieation,  which  the  pilot  may  be  required  to 
carry  out  in  the  limulator.  Such  deficienciea  in  the  diiplay  are  thus  more  likely  to  be  the  cause  of,  or  at 
least  contribute  to,  the  eye  strain,  headache  and  "visual  problems"  reported  by  simulator  pilots,  rather  than  of 
simulator  motion  sickness  per  se. 

Whole-body  motion  cues.  In  the  preceding  section  of  this  paper  it  is  postulated  that  the  principal  cause  of 
simulator  sicknaas  is  the  conflict  engendered  by  powerful  ambient  visual  motion  cues  in  the  absence  of  the 
expected  motion  cues  from  vestibular  and  somaesthetie  receptors.  The  corollary  to  this  concept  is  that 
sickness  should  be  reduced  if,  in  the  simulator,  these  non-visual  receptors  are  stimulated  by  linear  and  angular 
movement  of  the  body  in  a  manner  which  is  compatible  with  the  visual  display.  Experiments  conducted  in  a 
VSTOL  simulator  (Sinaeori,  19671  and  a  driving  simulator  (Casali  &  Wierwllle,  16801  have  shown  that  the  use 
of  a  motion  base  providing  onset  acceleration  cues  did  lead  to  an  Improvement  in  the  acceptability  of  the 
simulation  and  to  a  decrease  in  the  incidence  of  sickness. 

The  limited  angular  and  linear  excursion  of  motion  bases  necessitates  the  Introduction  of  motion  ’washout' 
having  time  constants  considerably  in  excess  of  those  of  the  vestibular  receptors  that  transduce  angular  and 
linear  movement.  Accordingly,  the  afferent  vestibular  stimuli  during  a  simulated  manoeuvre  generally  do  not 
correspond  with  those  generated  when  the  same  manoeuvre  is  performed  in  flight.  The  lack  of  correspondence 
may  be  small  when,  for  example,  minor  changes  in  roll  attitude  are  simulated.  Lateral  tilt  of  the  motion  base 
generates  an  appropriate  angular  acceleration,  an  effective  stimulus  to  the  semicireular  canals,  and  a 
commensurate  change  In  orientation  ol  the  head  relative  to  the  gravitational  acceleration,  an  effective 
stimulus  to  the  otolith  organs.  More  commonly,  however,  the  pattern  of  stimulation  In  the  simulator  differs 
from  that  occurring  in  flight.  A  simple  example  Is  the  simulation  of  tl'.s  change  in  direction  of  the  resultant 
force  vector,  associated  with  acceleration  In  the  line  of  fl^t,  by  a  backward  tilt  of  the  motion  base  -  an 
angular  movement  causing  inappropriate  stimulation  of  the  semicircular  canals. 

Appreciably  more  serious  mismatches  between  the  expected  inertial  cues  and  those  achieved  by  the  motion 
base  occur  during  simulation  of  the  flight  of  high  performance  aircraft,  particularly  the  large  and  frequent 
changes  of  the  force  environment  and  of  attitude  associated  with  air-combat  manoeuvres.  The  inability  of  the 
motion  base  to  achieve  high  linear  and  angular  accelerations  and  roll  rates  which  are  in  any  way  comparable 
to  those  occurring  during  such  manoeuvres  in  flight,  probably  accentuates  the  conflict  with  visual  motion  cues 
and  increases  the  incidence  of  sickness.  The  ineffectiveness  of  the  motion  base  has  led  to  it  being  disengaged 
in  at  least  one  air-combat  simulator  iSeevers  &  Makinney,  1976)  and  most  simulators  of  this  type  In  the  US 
and  the  UK  are  now  of  a  fixed-base  design. 

Temporal  incongruity  of  motion  cues  Apart  from  what  may  be  termed  the  quantitative  and  qualitative  mismatch 
of  motion  cues  produced  by  visual  and  inertial  stimuli  In  simulators,  differences  in  the  timing  of  these  cues 
also  contribute  to  the  conflict.  Two  types  of  temporal  incongruity  can  be  recognised)  one  between  the  control 
inputs  made  by  the  pilot  and  the  motion  cues  provided  by  the  visual  display  and  motion  base,  the  other 
between  the  visual  display  and  motion  base.  The  experienced  pilot  will  have  an  expectancy  of  the  temporal 
relationships  between  control  stick  and  throttle  demands  and  the  dynamic  response  of  the  aircraft.  Any  time 

difference,  between  the  perception  of  the  motion  cueis)  from  that  which  he  expects  to  receive,  represents  a 

mismatch  capable  of  contributing  to  the  development  of  motion  sickness  In  the  simulator. 

In  those  simulators  w.:h  motion  bases  there  is  also  the  potential  for  temporal  incongruity  of  visual  and 
Inertial  cues,  which  may  be  compounded  by  the  differing  dynamics  of  the  visual  and  vestibular  sensory  systems 
in  the  perception  of  motion  (reviewed  by  Young,  1984),  Retinal  receptors  signal  position  and  velocity  of  a 
visual  target  from  which  acceleration  may  be  perceptually  derived.  In  contrast,  the  otoliths  (in  company  with 
somaesthetie  meehanoreeeptors)  are  sensitive  to  linear  acceleration  and  rate  of  change  of  acceleration  (Jerk) 
and  hence  give  information  about  body  movement  which  Is  phase  advanced  upon  that  provided  by  the  visual 
system.  Sensory  integration  of  these  gravireeeptor  signals  is  required  in  order  to  perceive  transient  linear 
velocity  and  displacement.  The  semicircular  canals  sIgnaL  for  transient  angular  movements,  the  angular  velocity 
of  the  head  and  provide  cues  which  allow  the  change  in  angular  position  or  angular  acceleration  to  be 
perceived  by  integration  or  differentiation  of  the  afferent  signal  within  the  central  nervous  system.  The 

implication  of  these  differing  sensory  dynamics  is  that  sensory  eonfllet  is  likely  to  be  the  greater  If 
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niMhaiilaal  movenMnt  of  the  •Imulator  (end  henee  the  operetor)  legs  movement  of  the  viiusl  display  then  if 
the  visual  display  lags  the  motion  base. 

In  addition  to  a  motion  baaot  other  devices,  such  as  O-eeats,  0-euits  and  helmet  loaders,  have  been  used  to 
provide  pseudo-inertlel  cues  to  the  pilot  and  to  enhance  the  realiam  of  the  simulators.  Whether  they 
contribute  to  the  induction  of  simulator  sickness  remains  to  be  determined,  elthough  it  is  not  improbable  that 
the  dynamics  of  the  actuating  mechaninns  can  introduce  lags  which  conflict  with  visual  cues  or  with  other 
inertial  cues.  However,  the  role  of  somaesthetic  cues  In  the  aetiology  of  motion  sickness.  In  general,  is 
uncertain.  Unlike  ambient  visual  stimuli,  sonMesthetlC'  signals  do  not  converge  at  the  level  of  the  vestibular 
nuclei  and  are  poorly  represented  in  those  areas  of  the  cerebellum  whose  ablation  of  which  protects 
experimental  animals  from  niotion  sickness. 

Poet-exposure  effects 

As  noted  above,  post-exposure  effects  fall  Into  two  categories,  those  that  are  a  continuation  of  the  signs 
and  symptoms  of  motion  sickness  and  others  that  become  manifest  only  after  leaving  the  simulator,  notably 
ataxia  and  'flash  backs'  in  the  visual  and  vestibular/proprloceptive  sensory  modalities. 

Ihe  persistence  of  symptoms  is  a  normal  feature  of  motion  sickness  and,  like  other  aspects  of  the 
condition,  exhibits  wide  variation  between  individuals.  Some  experience  a  rapid  amelioration  of  the  signs  and 
symptoms  on  withdrawal  of  provocative  stimuli)  In  others,  malaise,  drowsiness  and  a  feeling  of  depression  may 
persist  for  several  hours  after  leaving  the  simulator  (Reason  &  Brand,  197$).  The  neural  events  mediating  the 
motion  sickness  syndrome  are  not  understood,  but  the  slow  development  and  decay  of  symptoms  probably  is  the 
manifestation  of  the  accumulation  of  some  neurotransmitter  within  the  central  nervous  system  during  exposure 
to  provocative  motion,  and  its  subsequent  removal  or  return  to  a  normal  level  on  withdrawal  of  the  stimulus. 

The  other  after-effects,  in  particular  the  disturbance  of  postural  equilibrium,  are,  most  probably,  the 
manifestation  of  adaptive  processes,  in  which  new  patterns  of  sensory-motor  co-ordination  are  elaborated  that 
are  appropriate  to  the  altered  sensory  environment  of  the  simulated  flight.  Most  of  the  experimental  studies 
of  adaptation  to  altered  sensory  environments  have  involved  gross  visual  distortion,  such  as  reversing  or 
inverting  goggles,  or  substantial  alteration  of  the  motion  environment  as  in,  for  example,  the  Pensacola  Slow 
Rotation  Room  (reviewed  by  Welch,  1978).  The  sensory  rearrangement  imposed  in  these  experiments  is 
substantially  greater  than  that  achieved  In  flight  simulations,  but  they  illustrate  the  remarkable  ability  of 
manh  central  nervous  system  to  modify  both  the  perception  of  signals  Irom  sensory  receptors  and  the  temporal 
and  spatial  configuration  of  voluntary  and  involuntary  (reflex)  motor  responses  (MelviU  Jones,  1977).  TTie 
magnitude  of  the  adaptive  change  is  det>endent.  Inter  alia,  on  the  extent  of  the  rearrangement,  on  the 
duration  of  exposure  and  on  whether  the  operator  is  active  (i.e.  within  the  control  loop)  or  passive  in  the 
rearranged  sensory  environment  (Reason  &  Benson,  1978).  It  is  probably  this  last  factor,  the  active 
involvement  of  the  pilot,  whose  motor  responses  directly  Influence  the  visual  and  Inertial  cues  received,  that 
is  responsible  for  the  rapid  modification  of  sensory-motor  reflexes  which  arc  disadvantageous  on  leaving  the 
atypical  environment  of  the  simulator  and  returning  to  a  stable  visual  world  and  a  stable,  ly,  force 
environ.'.ient. 

The  'flash  tMcks'  in  which  the  pilot  has  brief,  but  powerful,  recall  of  t)«  simulator  visual  display  or  of  the 
motion  of  the  simulator  are  comparable  to  the  transitory  sensory  disturbances  that  occur  in  more  everyday 
situations  In  which  there  has  been  sustained  exposure  to  comprehensive  visual  or  inertial  stimuli.  For  example, 
there  are  few  who,  having  been  aboard  a  boat  in  moderate  seas  for  a  few  hours  or  more,  will  not  have 
intermittently  perceived  an  Illusory  sensation  of  the  boat's  motion  on  return  to  land.  This  sensation  may  also 
be  accompanied  by  a  corresponding  motion  of  the  visual  scene.  Although  this  type  of  phenomenon  has  long 
been  described  (Darwin,  1801)  its  neural  mechanism  remains  covert,  though  in  psychological  terms  one  may 
speculate  that  it  represents  the  recall  of  memory  traces  laid  down  during  the  period  of  exposure  to  the 
rearranged  sensory  environment. 

Conclusion 

Simulator  sickness,  in  common  with  other  forms  of  motion  sickness,  has  several  causes  and  affects  different 
people  in  different  ways)  it  is,  to  quote  Kennedy  et  al  (1987),  'polygenic  and  polysymptomatio".  In  this  paper 
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an  attempt  hat  bean  made  to  ditcuta  tome  of  the  more  important  aetioiocieal  faetora  within  the  framework 
provided  by  the  neural  mianateh  theory  of  motion  siekneaa. 

An  extentive  litt  of  poaaible  eautal  factors  it  to  be  found  in  the  proceedings  of  the  National  Research 
Council  Workshop  on  Simulator  Sickness  (McCauley,  1884),  though,  unfortunately,  the  present  state  of 
knowledge  allows  only  very  approximate  weightings  to  be  given  to  the  potential  of  each  factor  to  cause 
simulator  tiekneat.  An  understanding,  incomplete  aa  it  it,  of  the  aetiology  of  the  condition  does,  however, 
allow  rational  recommendations  to  be  made  (Kennedy  et  al,  19ST)  relating  to  simulator  hardware  and  utilisation 
that  should  reduce  the  incidence  of  simulator  siekneaa  and  inoraate  the  operational  effectiveness  of  simulator 
training. 
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BTUDB  HOtlltONTALB  DB  L’INCIDBNCB  Dtl  MAL  DBS  SIMUUTEURS 
DANS  LBS  FORCES  ABRIBNNBS  PRANCAISBS 
p«r 

*A.  LEGER,  *P.  SANDOR,  **R.P.  DEIAHAVE 

*Laboratoir«  d«  Mddacln*  Atfroapatlale 
Centre  d'Eeeala  en  Vol  -  91220  -  Brbtigny-AIR,  FRANCE 

**Inapectlon  du  Service  de  Santd  pour  I'Armde  de  I'Alr 
26,  Bd  Victor  -  75996  -  PARIS  ARMBES 


RBSONB 


L'utlllaatlon  systdmatlque  du  slmulateur  de  combat  pour  1 'entralnement 
a  favorlsd  la  mlaa  en  Evidence  du  problAme  du  nal  dea  almulateura.  Une  enquSte  destinde 
A  dvaluer  1' Incidence  dea  troubles  a  iti  mende  au  aeln  de  plualeura  unltds  de  I'Armde 
de  I'Alr,  Lea  rdaultata  obtenus  montrent  qlobalement  que  67  6  des  pllotea  Interrogds 
ont  prdsentd  dea  aympt&mea  A  des  degrds  divers.  L'analyse  stat:istique  des  donndes 
montre  une  absence  de  corrdlatlon  entre  la  susceptlbllltd  gdndralu  aux  clndtosea 
ddtermlnde  au  moyen  d'un  questionnaire  et  la  aenslbllltd  au  mal  des  slmulateurs.  Cette 
dernlAre  conatatatlon  amAne  A  envlsager  la  nature  du  confllt  en  cause. 


HRKODDCTIOR 


Depuls  le  ddbut  des  anndes  80  un  IntdrAt  croissant  s'est  manifestd, 
prlnclpalement  aux  Etats-Unls,  A  I'dgard  du  mal  des  slmulateurs.  Cet  Intdrdt,  qui 
semble  suscltd  par  des  conslddrations  opdratlonnelles,  fait  suite  A  des  prdoccupatlons 
antdrleurea  fondamentales  (  3  l.Sulvant  en  cela  1* opinion  de  REASON  (  3  )  on  peut 
replacer  ces  phdnomAnes  dans  le  cadre  plus  gdndral  des  clndtoses  Indultes  vlsuellement. 
C'est  blen,  en  effet,  la  gdndrallsatlon  de  visualisations  en  champ  large  et  de 
slmulateurs  A  base  fixe  utlllsant  le  prlnclpe  de  la  vectlon  pour  1 'entralnement  des 
pllotes  qul  donne  son  ampleur  A  un  problAme  plus  ou  molns  latent. 

Le  premier  slmulateur  A  base  fixe  utlllsant  le  prlnclpe  de  la  vectlon 
a  dtd  opdratlonnel  en  France  en  1975.  Il  s'aglt  d'une  Installation  destln<e  aux  dtudes 
techniques  et  tactlques  lldes  A  I'emplol  des  missiles  de  combat  adrien  rapprochd. 
Feu  aprAs,  un  slmulateur  utlllsant  une  sphere  de  10  m  de  diamAtre  a  dtd  mis  en  service 
au  Centre  d'Essals  en  Vol.  La  mise  en  oeuvre  de  ce  type  de  slmulateur  A  des  fins 
d ' entralnement  au  combat  s'est  effectude  A  la  fin  de  I'annde  1984  sur  la  Base  Adrienne 
102  de  DIJON  et  au  Centre  d ' Entralnement  au  Combat  de  Hont-de-Marsan .  Ces  slmulateurs 
Bont  essentlellement  destlnds  A  1 'entralnement  des  plloteu  de  Mirage  2000. 

II  est  Intdressant  de  constater  qu'avant  1984  les  descriptions  faltes 
par  les  pllotes  des  symptfimes  de  mal  des  slmulateurs  sont  restdes  au  stade  d' anecdotes, 
Ce  n'est  flnalement  qu'A  partlr  de  la  mlse  en  service  des  slmulateurs  d' entralnement 
que  le  problAme  dea  Implications  touchant  A  la  sdcurltd  des  vols  s'est  rdellement 
posd.  Les  observations  effectudes  par  les  pllotes  utlllsant  les  slmulateurs  de  combat 
ont  amend  1' Inspection  du  Service  de  Santd  pour  I'Armde  de  I'Alr  A  demander  une  dtude 
sur  1' Incidence  des  effets  secondalres  de  la  simulation. 


II  n'est  pas  contestable  que  la  mellleure  mdthode  d'dvaluatlon  de 
1' incidence  du  mal  de  slmulateurs  auralt  consistd  A  effecturr  une  dtude  sur  le  site. 
L'intdrdt  de  cette  ddmarche  ressort  nettement  des  travaux  entrepris  par  KENNEDY  et 
coll .  (  5  ) .  Cependant  ce  type  d ' opdration  ndcesslte  une  prdparation  Importante .  Compte 
tenu  de  1 ' organisation  des  dlffdrents  services  mis  en  cause,  elle  n'dtalt  pas 
envlsageable,  du  molns  dans  un  premier  temps. 

II  a  done  dtd  proeddd  A  une  enqudte  portant  sur  I'expdrience  passde 
des  pllotes  de  dlffdrentes  unltds  de  I'Armde  de  I'Alr. 


Protocole 


Un  questionnaire  anamnestique  simple  a  dtd  congu  en  tenant  compte  de 
I'expdrience  acqulse  dans  le  dosialne  du  mal  des  slmulateurs  par  d'autres  auteurs  (4,5). 
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t«  qu«ttionn«ir*  anonyam  a  4t4  dlffua4  dana  laa  dlff4rantaa  rdglona 
adrlannaa  at  ranla  aux  pllotaa  par  l'lntar*4dlalra  du  addacln  du  Paraonnal  Navlgant 

daa  baaat  concarn4aa. 

Aprda  collacta  daa  rdponaaa  at  cantrallaatlon  au  nivaau  daa  Dlrectlona 
Mglonalaa  du  sarvlca  da  Sant4  pour  I'Arada  da  I'Alr,  las  dosslars  ont  4t4  adrats4a 
4  1 ' Inspaotlon  du  Sarvlca  da  Santd  pour  I'Ararfa  da  I'Alr.  Knfliti  la  Laboratolra  da 
Nddaclna  Adroapatlala  a  4t4  chargd  da  I'axplol ration  daa  donndaa. 


t'objactlf  du  quaatlonnalra  coaslatalt  4  panaattra  l'4tuda  d'une  larga 
population  da  pllotaa.  II  n'4talt  done  pas  anvlsagaabla  d'utlll.Tar  un  quastlonnalre 
tras  d4talll4i  cad  an  vua  d'obtanlr  un  nivaau  da  coop4ratlon  tatlsfalaant  du  plus 
grand  nonbra  poaslbla  da  aujata. 

La  docusMnt  raada  au  pllota  sa  coapoaalt  da  quatra  partlas  t 

-  una  courta  nota  d ' Introduction  axposant  la  but  da  I'anqudta  t 

-  ur.  quastlonnalra  d'lnforaatlon  g4n4rala  ; 

-  un  quastlonnalra  ‘mI  daa  slaulataurs*  i 

-  un  quastlonnalra  *m1  daa  transports*. 

La  quastlonnalra  d'lnforatatlon  g4n4rala  portalt  sur  l'4ga,  I'axpdrlence 
a4ronautlqua,  l'axp4r lanes  daa  alaulataurs  da  conbat.  Catta  prami4ra  partle  clblalt 
done  l'4tuda  sur  un  typa  partlcullar  da  slnulataur.  Capandant  das  consignaa  varbalas 
ont  4t4  donndaa  afln  d'inclura  I'axpdrlanca  provanant  d'autra  typa  da  almulataur 
(ailaalon.  antralnanant ) . 

La  partla  concarnant  la  aal  das  alaulataurs  sa  dlvlaalt  an  daux  th4aes 

prlnclpaux  i 

-  laa  ayaptteas  rassantls  pandant  laa  sdancas  > 

-  laa  troubles  survanant  4  I'lasua  das  sdancas. 

Dana  tous  las  caa  11  dtalt  daaandd  d'lndlquar  la  sdvdrltd  4  I'alde  d'una 
dehalla  nuadrlqua  an  quatra  points  : 

0  Abaanca 

1  Intansltd  falbla 

2  Intansltd  moddrda 

3  Intansltd  forts. 

Pandant  las  sdancas,  las  quastlons  portalant  sur  i 

-  Los  slgnaa  dlgostlfs  pathognoaranlquas  :  Inconfort  dplgastrlqua ,  nausdas, 
voalssonants  ou  spasaas. 

Las  slgnas  d'accoapagnoaent  :  sudatlon,  sensation  do  chalaur, 
dtourdlasaaant,  salivation,  cdphaldas. 

A  I'lasua  daa  sdancas  laa  questions  portalant  uur  la  sanaatlon  da  aalalae 
gdndral,  lea  troubles  da  I'dqulllbra  at  da  la  locoaotlon,  las  cdphaldas,  la  dlsparltlon 
ou  la  perslstanca  das  slgnas  avec  la  rdpdtltlon  das  sdancas. 

Catta  partla  du  quastlonnalre  so  taradnalt  par  das  resarquas  libras 
concarnant  la  sal  das  slmulataurs. 

La  darnl4re  partla  du  dossier  conslstalt  an  un  questionnaire  explorant 
la  suscaptlbll ltd  gdndrale  au  aal  das  transports  Insplrd  du  M.S.Q.  da  RSASON  (  7  ). 
Ce  quastlonnalra  avalt  prdalableaent  dtd  valldd  an  Laboratolra  au  cours  da  la  sdloctlon 
da  candidate  coss»nautas. 


Traltaaant  das  donndas  i 

Las  donndas  recualllles  ont  dtd  traltdas  au  Laboratolra  da  Mddeclne 
Adrospatlala  du  Centra  d'Bssals  an  Vol.  A  partlr  das  donndas  brutes  on  a  pu  calcular 
un  Indies  refldtant  la  sdvdrltd  globale  das  troubles  rapportds  alnsl  <iue  la  score 
da  auscaptlbllltd  au  mal  das  transports. 
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On*  analys*  da  corraapondanca  multlpla  a  ansulta  4t<  affactude  avac 
I'alda  du  Cantra  da  Sdlactlon  da  I'Anida  da  I'Alr. 


nSDLTATS 

Dana  I'anaambla  daa  unltda  ayant  partlclpd  k  I'anquttai  164  pllotaa 
oat  rdpondu  au  quaatlonnaira.  Dana  un  pramiar  tamps  153  rdponaaa  ont  4t4  jugiea 
axploltablaa  pour  I'analyaa  daaorlptlva  globala.  132  doaaiara  ont  <t4  ratanua  an  flnala 
pour  I'analyaa  atatiatlqua  ddtalllaa. 

SI  I'on  eonalddra  I'anaambla  daa  doaaiara  on  eonatata  qua  tout  typa 
da  almulataura  at  nivaau  da  a4v4rlt4  contondua,  67  %  daa  pllotaa  ont  reaaantl  daa 
troublaa  lora  da  adancaa  da  almulatlon.  Un  aaul  pllota  dderlt  un  dplaoda  da  vomlaaaawnt. 

Caa  rdaultata  aa  rapportant  aaaantlallanant  A  I'utlllaatlon  du  almulataur 
da  combat.  Capandant  un  cartaln  nombra  da  rdponaaa  concarnent  d'autraa  typaa  da 
almulataura  (almulataur  da  mlaalon  Mlraga  FI  CR,  almulataur  Alpha-Jatt  almulataur 
C  160  TRANSALL) . 

Houa  anvlaagarona  an  pramler  lieu  I'analyaa  daacrlptlve  das  rdaultata 
pula  I'analyaa  atatiatlqua  qul  an  a  4t4  falta. 

Analvae  deacrlotlva  > 

Cette  analyaa  comporte  daux  voleta  : 

-  Lea  troublaa  rapportda  pendant  at  aprAa  lea  sdancea  da  almulatlon 


-  La  auaceptlbllitd  aux  clndtoaaa  4valu4e  A  I'alda  du  quaatlonnaira 
mal  daa  tranaporta  (QMT). 

.  Troublaa  llda  A  la  almulatlon 

Paml  lea  algnea  pathognomonlquea  du  mal  daa  almulataura  on  a  dlatlngu4 
I'lnconfort  dplgastrlqua  at  la  aenaatlon  da  naua4a>  da  I'envle  da  vomlr.  ll  a'aglt 
lA  d'une  distinction  qualque  pau  artlficlella  mala  qul  a  4t4  adoptde  pour  Introdulre 
un  4l4ment  da  a4v4rlt4  auppl4mantalre .  Caa  algnea  apparalaaant  dans  18,9  t  daa  rdponses 
pour  la  nauada  aimpla  at  9,8  %  daa  pllotaa  admattant  avoir  eu  anvle  da  vomlr  au  coura 
d'une  s4anca  da  almulatlon. 

Las  algnea  d ' accompagnement  apparaiasant  baaueoup  plus  {r4quemment  at 
dana  bon  nombra  da  caa  aont  sauls  prdaents.  Alnsi  une  sudatlon  Inhabltuelle  a  4t4 
ralav4a  dans  18,9  t  das  caa.  La  sensation  da  chalaur  anormale  eat  prdaante  dans  21,2 
6  das  r4ponaaa.  La  symptOma  la  plus  frdquent  reste  capandant  la  sansatlon 
d'dtourdlaaasMnt  ou  da  vertigo  qul  apparalt  dans  26,5  t  das  questionnaires.  Ce  symptfime 
est  sulvl  da  prAs  par  las  manifestations  A  type  da  cAphalAaa  at  da  tension  ooulalra 
qul  attelgnant  22,7  t. 

L'lntansltA  das  symptdmea  ast  bien  s(kr  extrSmamant  variable  salon  la 

sujet. 


L'lndlce  d'intenslt4  globala,  d4tarmin4  A  partlr  da  I'lntensitA  das 
dlffdrenta  symptdmes,  fait  apparaltre  qua  dans  47  t  das  cas  las  troubles  restent  A 
un  nivaau  faible.  Par  contra  11a  aont  mod4r4a  (IntansitA  2)  dans  12,1  t  das  cas.  La 
nivaau  da  a4v4rlt4  3  n'apparalt  qua  pour  3,8  t  das  troubles.  En  ddfinltive  sur  las 
132  dossiers  ayant  4t4  soumls  A  I'analyaa  statistlque  seul  37,1  %  daa  sujets  n'ont 
pr4sent4  aucun  signa. 

Cette  proportion  da  sujets  Indeaines  apparalt  baaueoup  plus  Importante 
pour  ce  qul  concerns  la  pArlode  post-simulation.  51  t  daa  sujets  ne  relAvent  aucun 
trouble,  parml  las  troubles  las  plus  frdguamment  rencontr4s  A  1' Issue  das  sessions 
on  note  la  sansatlon  d'4tourdlssament,  las  troubles  passagers  da  l'4qul libra  at  las 
c4phal4as.  L'lntansltd  da  caa  aymptOmas  rente  faible  dans  34,8  t  das  sujets.  Ella 
ast  iaod4r4e  dans  9,8  t  at  s4vAra  dans  3,8  t. 

Pour  la  plupart  das  pi lotas  interrog4s  les  symptfimas  dlsparalssent 
rapldament,  g4n4ralemant  aprAa  3  ou  4  s4ances.  On  note  capandant  qua  sur  1' ensemble 
daa  r4ponsas,  8  sujets  signalent  una  perslstanca  da  la  symptomatologle  au  dalA  da 
la  dixlAme  a4anoe  de  simulation.  Parml  las  47  pllotas  das  ascadrons  da  Mirage  2000, 
qul  sont  las  utillaataura  prlvll4gl4a  das  slmvlateurs  da  coibat,  4  pllotas  d4clarent 
la  perslstanca  das  troubles  blen  qu'lls  alent  4t4  axpos4s  r4p4tltlvement.  L' IntansitA 
das  aympt&mea  ast  faible  dans  3  cas,  nod4r4a  dans  le  darniar. 

.  Suaaeptlbllitd  g4a4rale  aux  cindtoaee  i 

La  figure  1  prdsente  I'hlstogromme  das  scores  do  suscaptlbllltd  calculds 
A  partlr  das  questionnaires  pour  153  pllotas.  La  distribution  das  scores  ne  dlffAra 
pas  senslblaamnt  de  calla  rencontrde,  par  example,  dens  una  population  de  candldata 
cosmonautea.  Un  groupe  de  3  pllotaa  ae  ddtache  capandant  avee  daa  scores  4lev4s, 
supdrleurs  A  90  ca  qul  slgne  habituellament  una  suscaptibllit4  Importante  aux  clndtoses. 
Daux  da  cas  pllotas  aont  des  chasseurs,  le  troislAme  eat  un  pilots  d'h4llcoptArea  . 


D'un*  Mniir*  94ntfr«l«,  dans  oatta  population  OMantiollaaant  oonpoada  da  pllotaa 
da  ehaaia  on  ratcouva  un  pau  plua  da  20  t  d  25  t  daa  indlvldua  qul  pauvant  dtra 
coMld4r4a  coma  aaaat  auscaptlblas  au  ml  daa  tranaporta. 


-  MMm 

ti'analyaa  atatlatiqua  daa  donndaa  a'aat  ravdlda  ralatlvaawnt  ddoavanta 
dana  la  maura  oO  alia  ddgaga  pau  da  gcandaa  lignaa  dlraotaaant  axploltablaa . 

La  mtrloa  d'lntareorrdlation  prdaantda  d  la  flgura  2  a  4t4  4tablla 
aur  laa  variablaa  rapr4aantatlvaa  da  la  population  at  du  ml  daa  aiaiulataura.  Laa 
variablaa  aont  pour  la  papulation  la  noadira  d'haura  da  vol  (HDV),  I'tga,  la  aanaibilitd 
aux  oindtoaaa  (SINS),  la  noabra  da  adanoaa  da  aiaiulataur  (HSKS).  Laa  variablaa  priaoa 
pour  la  ml  daa  alaulataura  aont  la  noadira  da  algnaa  pandant  la  almulatlon  (NSXP) , 
I'lntanaltd  da  caa  algnaa  (ISIP),  la  noaibra  at  I'lntanaltd  daa  algnaa  poat-alaulation 
(MSIA,  ISIA). 

L'axaBMn  da  catta  mtrlca  na  parmt  paa  da  ddgagar  da  corrdlatlon  tr4a 
Intdraaaanta  an  dahora  da  la  llalaon  antra  la  noabra  at  I'lntanaltd  daa  algnaa  pandant 
at  aprda  la  alnulatlon.  Catta  corrdlatlon  n'aat  capandant  ma  tria  aurprananta.  Bn 
fait  c'aat  una  conatatation  ndgatlva  qul  apparatt  la  plua  intdraaaanta,  dana  la  maaura 
oO  I'on  n'obaarva  pratlquamnt  paa  do  corrdlatlon  antra  la  auacaptibllltd  gdndralo 
aux  clndtoaaa  at  la  ml  daa  almulataura . 

Caa  pronlara  rdaultata  pamattant  da  comprandre  aaaaa  facllamnt  qua 
I'analyae  da  corraapondanca  multlpla  affactuda  par  la  auita  n'a  paa  apportd  d'dldmanta 
plua  attrayanta. 


DISCOSSIOM 


Laa  rdaultata  obtenua  lora  da  catta  anqudta  aont  eohdranta  avac  laa 
travaux  mnda  par  d'autraa  auteura  (1,5).  Gn  aflat  aalon  KENNEDY  at  Coll.  I'lncidanca, 
aalon  la  advaritd  du  crltdra  cholal,  aa  altua  antra  70  %  at  20  t  daa  aujata.  Caa 
chlffraa  aont  d  comparar  aux  67  6  at  IS  t  qul  raaaortant  da  catta  dtuda  i  pour  aa 
part  CRONLBY  trouva  una  Incldanca  Idgdramnt  Infdrlaura  pulaqu'alla  aa  altua  d  40 
4  daa  aujata. 


L' dtuda  qua  noua  avona  mnd  oat  una  dtuda  globala.  C'aat  d  diro  m'alla 
incorpora  dlffdranta  typaa  da  alnulataur  at  parail  laa  almulataura  da  combat  dlffdrantaa 
Inatallatlona.  Ca  fait  pout  axpllquar  daa  dlffdrancaa  qul  pourraiont  apparattra  avac 
daa  dtudaa  mandaa  apdclflquamant  aur  un  typa  do  aimulataur. 

L'un  daa  polnta  qul  raaaort  nottamant  aat  la  mnma  da  corrdlatlon 
oxlatant  antra  la  auacaptibllltd  gdndralo  aux  clndtoaaa  dvaluda  d  I'aldo  d'un 
quaatlonnalra  at  la  aanaibilitd  au  ml  daa  almulataura.  Ca  rdaultat  n'aat  paa 
fondamntalamnt  on  ddaaecord  avac  loo  donndaa  da  la  llttdratura  pulaqua  REASON  at 
DIAt  (7)  avalant  ddjd  aoullgnd  la  falbla  valour  prddlctlvo  da  ca  typa  da  quaatlonnalra 
pour  la  ml  daa  almulataura.  Da  mdmo  CRONUY  rapporto  qua  la  aanaibilitd  au  ml  daa 
almulataura  dana  lo  aimulataur  da  l'AB-1  cobra  n'aat  paa  aaaoclda  avac  una  hlatolra 
antdrlouro  do  ml  doa  tranaporta.  Capandant,  pour  KENNEDY  at  PRANK  11  axlataralt  una 
corrdlatlon  quoiquo  falbla. 

Co  mnqua  da  prddlotlvltd  daa  quaatlonnairoa  anomnaatlquoa ,  par  aillaura 
blan  corrdlda  avac  laa  rdaultata  d'dprauvaa  vaatlbulalraa,  amdna  done  d  anvlaagar 
lo  probldm  da  la  natura  daa  atlmulatlona  cauaaloa. 

II  no  fait  paa  do  douta  qua  laa  mnlfaatationa  obaarvdaa,  tant  au  coura 
qu'd  I'laaua  doa  adancaa  da  almulatlon,  aont  lldaa  d  un  procaaaua  d' adaptation  au 
nlvaau  du  ayatdm  narvaux  cantral.  On  pant  parlor  Id  ■d'aotuollaatlon*  du  moddla 
Intarna  da  la  dynomlquo  du  eorpa,  tal  qu'll  aat  prdaontd  par  YOONO  (9). 

Laa  troubloa  obaarvda  dana  laa  almulatlona  du  combat  d  baao  flxa  pauvant 
dtra  rattaehda  aana  trop  da  probldm  aux  clndtoaaa  Indultaa  vlauollomant  dont  laa 
mdconloma  ont  dtd  largamnt  dtudlda  par  DICBQANS  at  BRANDT  ( 3 ) .  Pour  d '  autraa 
almulataura,  coom  laa  almulataura  da  mlaaion  d  l>aao  aobila  dotda  do  vlauallaatlon 
an  chomp  larga,  laa  mdcanlama  on  cauaa  aont  aana  douta  plua  complaxaa. 

Pour  lour  part  laa  quaatlonnairoa  anomnaatlquoa  axplorant  la 
auacaptibllltd  indlvlduallo  au  ml  daa  tranaporta  font  appal  d  daa  quoatlona  pertant 
princlpalamnt  aur  daa  conflita  oomportant  doa  atlmulatlona  vaatlbulalraa  da  polda 
fort.  II  aarait  alora  tantant  do  conaiddrar  qua  caa  quaatlonnairoa,  adaptda 
approxlmtivamnt  au  ml  daa  tranaporta  dana  daa  ct^itlona  ‘naturallaa*  torraatraa, 
na  corraapondont  paa  d  daa  appllcatlona  plua  apdolflquoa.  II  tout  toutafola  notar 
qua  laa  rdaultata  obtonua  par  DAUNTON  at  coll.  (2  )  na  vont  paa  dana  ca  aana.  Il 
aambloralt  an  of  fat  chaa  I'anlml  qua  laa  aujata  aanalblaa  aux  atiaulationc 
voatlbulairaa  aolant  coux  qul  rdpondont  agalamnt  aux  atlmulatlona  viauallaa.Par  contra 
laa  rdaultata  prdaantda  par  HONEY  at  Coll.  (6)  aont  plua  eohdranta  pulaqu'lla  montrant 
qua  loa  aujata  aanalblaa  aux  taata  vaatlbulalraa  claaaiquoa  pouvont  aa  rdvdlar 
inaanalblaa  d  daa  clndtoaaa  indultaa  par  un  confllt  vlauo-vaatibulalra (prlom  da  DOVE). 
Lo  falbla  nomlara  da  aujata  inclua  dana  catta  axpdrlmntatlon  oxclut  capandant  touta 
gdndrallaatlon . 
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h»  problta*  da  la  auacaptlbllltd  Indlvldualla  aux  dlvaraaa  tormaa  da 
eindtoaa  raata  da  bouta  faran  «ui  obatacla  dplnaux  pour  la  eooprdhanalon  daa  ndeanlBMB 
du  Ml  daa  tranaporta.Il  ddpaaaa  d'alllaura  lar^Mnt  la  eadra  da  catta  dtuda  at  du 
probltaa  du  Ml  daa  ataulataura. 


OOMCLDSZM 


L'lncldanoa  du  Ml  daa  ainulataura  obaarvd  dana  laa  unltda  da  I'Aruda 
da  I'Alr  Franpalaa  apparalt  ralatlvoMnt  Idantlqua  aux  obaarvatlona  affactudaa  dana 
d'autraa  paya.  On  dolt  aoulignar  qua  dana  la  qranda  atajorltd  daa  caa  caa  Mnlfaatatlona 
raatant  axtddrdaa  at  a'aatoapant  rapidaMnt  aprda  qualquaa  adaneaa.  Sur  la  plan 
opdratlonnal  daux  probldMa  pauvant  dtxa  anviaagda.  tea  iavlicationa  dana  la  dOMlna 
da  la  adcurltd  daa  vola  na  aaoblant  paa  vralMnt  trda  cruclalaa.  tea  Mauraa  da  bon 
aana  qul  ont  dtd  propoadaa  juaqu'A  pMaant  aaidilant  rdqlar  la  probltea  d'una  Mnldra 
aatlafataanta. 


te  probldma  avancd  par  FRANK  at  KXNHBoy  da  la  (labllltd  da  la  alnulatlon 
apparalt  baaucoup  plua  conplaxa.  tea  rdaultata  obtanua  au  coura  da  catta  dtuda  na 
patMttant  pan  d'apportar  d'dldMnta  an  catta  Mtldra. 

Il  taut  toutefola  raMrquar  qua  touta  alaulatlon  rapoaa  par  prlncipa 
aur  la  gdndratlon  d'lllualona  aanaorlallaa. 

Plua  caa  lllualona  aanaorlallaa  aont  fortaa,  plua  la  alnulatlon  raata 
rdallata  comma  c'aat  la  caa  pour  la  alnulatlon  da  coiabat.  L'lntdrdt  opdratlonnal  aambla 
dvldant  pour  laa  pllotaa  at  noua  n'avona  racuallll  aucun  avia  ndgatlf  aur  ca  point 
dana  notra  anqudta.  Plutdt  qua  da  conalddrar  ca  typa  da  alnulatlon  comma  "Mcvala"! 
paut-dtra  vaut-11  mlaux  prandra  aaa  atfeta  aacondalraa  comma  *la  rangon  du  progrda*. 
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RENBRCIMBHI8 


tea  auteurs  roMrciant  Hesslaurs  las  Nddecins  qul  ont  bien  voulu  partlclper 
A  catta  anqudta  au  niveau  das  directions  rdglonalea  at  das  bases  ainsi  qua  I'Adjudant 
NRQNA  du  C.S.A.A.  qul  an  a  assurd  la  tralteMnt  statistlque. 
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Fig,  1  t  HlttograBM  daa  acoraa  da  auacaptlbllltd  aux  clndtoaaa  ddtarnlndt 
par  la  quaatlonnalra  pour  una  population  da  153  pllotaa. 
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Fig.  2  s  Natrlca  d ' intar-corrdlation  das  variablaa  raprdaantBtlvaa  da  la 
population  at  da  I'lnoldanca  daa  troublas. 
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DISCU8SICN 

PRICBt  Did  you  obtoln  data  rolatlvo  to  how  long  aftor  ainulatad  flight  tho  peat- 
aiMiiator-run  aynptom  poralatodY 

LlOKIIi  Yaa,  uo  gathorad  aoaM  data  but  it  waa  net  praaantad  in  thla  papar.  I  would 
aay  that  n«at  of  tho  aftar-affacta  oeourrad  within  1)  ninutaa.  Noat  aftar-affaeta 
atoppad  vaxy  rapidly.  I  do  not  raeall  any  lata  poat-run  af facta  liha  aonia  of  thoaa 
tapoHad  by  Dr.  Konnady. 
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SIMULATOR  INDUCBD  SICKNESS  AMONG  HERCULES  AIRCREW 


US.  Mtt**,  L.  Ktator  ud  DM.C.  S««M*y 
MkDct  Cli^  liaUtutt  of  EnvirottMAt  MidIciM 
list  Shtppwd  Av%.  WmI,  DowanitWi  Onurio,  MSM  SBt  CkBtdk 


.  SUMMARY 

Tkt  pwpoMi  of  Ukit  tittdy  wttt  to  iBvwtliktt  th*  Ineldtnc*,  Nvtriiy  uid  timt-coum  of  ilmulmtor  ddcnos  ktnoni 
pUoto  wd  fi|ht  tnikliig  oa  a  C-ISOH  (Huvuloi)  tSikt  atmulitor,  ud  to  tMMi  th*  tnOutBC*  oT  Right  experl- 

tac*  oa  taMvptihUlty.  Svldtact  of  daulalor  ilckaMi  «m  colltctad  by  qMaUoaaaln,  ttala  of  balaatc,  lad  ohatmtIoB. 
Ttw  qawtloaaalwi  «m  eoiapkttd  at  tha  cooclualon  of  a  fhua-boar  tralalag  Marioa  aad  iO  houn  later.  The  balaace 
teate  were  peifimed  lamedtately  prior  to  aad  Immediately  feUowlag  the  tralalag  ameloa.  Overt  slgaa  of  pallor,  sweat- 
lag,  diow^aem  aad  viseal  ayategma*  were  aho  recorded  at  these  times.  TUtiy-five  of  the  42  aircrew  (l-e.,  83%)  tested 
reported  eharaetetlstlc  symptoms  of  simulator  ^kaesa.  The  raost  prevaleat  were  eyestrain,  meatal  aad  physical 
IWIgue,  aad  atter-seasatlons  of  motloa.  Some  eSMte  persisted  MIowlag  simulator  tralalag  for  many  hours  tdthough 
moat  were  not  mvere.  Few  had  delayed  onset.  Although  eleven  subjects  (26%)  reported  kw  of  balance  at  the  end  of 
the  tralntag  seadoa,  perfonnaace  oa  the  halaace  tetes  Improved;  this  suggests  a  practice  eSMt  which  masks  ataxia. 
With  the  exceptloB  it  ocea^aal  nystagmun,  no  overt  rigns  of  tlmulatw  slcknsm  were  evident.  The  relatbnships 
between  aircraft  experience,  both  general  and  type-spedfic,  and  dlagaostte  scores  based  on  symptoms  were  examined. 
There  was  no  evidence  to  Indicate  that  experience  Influenced  susceptibility  to  simulator  sickneaa. 


INTRODUCTION 

The  OetSace  aad  Civil  Institute  of  Environmental  Medicine  hat  begun  to  determine  the  Incidence,  severity,  and 
time-course  of  simulator  deknem  resulting  horn  the  use  of  Right  simulators  within  the  Canadian  Forces.  The  purposes 
of  this  work  are  (I)  to  provide  a  rational  baste  for  flight  restrictloas  following  simulator  training,  (II)  to  make  Interim 
recommendatloca  to  alleviate  the  problem,  and  (111)  to  Identity  salie>'‘  characteristics  of  Canadian  Forces  flight  slmula- 
tors  that  seem  to  Instigate  sickness  and  that  possibly  limit  training  effectiveness. 

la  the  present  study  symptoms  experienced  by  aircrew  training  on  a  flight  simulator  for  a  multi-engine  transport 
aircraft,  the  CISOM),  are  reported.  Thb  simulator  was  suspect  as  a  result  of  pilot  reports  accumulated  during  the 
acceptance  period  roliowlng  Its  Installation  at  Canadian  Forces  Base  Trenton  In  February,  1B8S.  Pilots  had  been  given  a 
questlonntire  by  Instructional  staff  to  help  validate  the  simulator.  Complaints  about  the  haitdllng  cbaracterlstles  of  the 
simulator  were  obtained.  Jerkiness  In  nose  wheel  steering,  overbraking,  oversensitive  throttle,  oversensitive 
rudder/aileron  and  instability  despite  trim  were  typical  comments  on  simulator  handling  ehars'^tertetlcs.  *Balloonlng* 
on  round  out  durirrg  landings  and  unrcalistle  ground  effects  were  noted.  Accompanying  these  eom|,!Mnts  were  those  of 
vertigo,  dteorieatatioo,  dlitiness,  headache,  stomach  disturbance,  nausea  and  eye  strain.  Two  pilots  had  vomited  follow¬ 
ing  simulator  flights.  Shortcomings  in  the  htmdiing  characteristics  of  the  simulator  were  subsequently  addressed  by 
software  modificatlona  to  the  computer  algorithms,  but  the  extent  to  which  they  were  corrected  and  the  extent  to  which 
simulator  induced  sickness  remained  were  uncertain. 

Sensory  conflict  prevails  as  im  explanation  of  simulator  induced  sickness.  5!tckness  is  thought  to  be  generated  as  a 
result  of  conflicts  runong  existing  inputs  from  the  spatial  senses  and  those  expected  from  memory  (for  a  review,  see 
McCauley  (1)).  The  basic  anumpllon,  that  uncorroborated  sensory  signals  give  rise  to  sicknees,  has  found  support  in 
experimental  findings  which  suggest  that  experienced  operators  are  more  susceptible  to  simulator  sickness  than  students, 
or  those  with  little  or  no  previous  experience  with  the  vehicle  (2-6).  Casaii  and  Wlerwille  (7)  suggest  that  kinematic 
modelling  of  the  vehicle  is  perhaps  the  most  fundamental  and  critical  factor  underlying  the  dynamic  fldelity  of  a  simula¬ 
tor.  In  a  comprehensive  summary  of  the  literature  (1)  temporal  dtecrepanctes  between  the  response  characteristics  of  the 
simulated  and  actual  aircraft  are  identified  as  a  prime  source  of  simulator  sickness.  Response  lags  and  temporal  asyn¬ 
chronies  were  known  to  exist  for  the  visual  and  motion  systems  of  the  C130(H)  simulator.  On  these  grounds  it  was 
hypotheslaed  that  C130(H)  aircrew  familiar  with  the  flight  characteristics  of  the  aircraft  would  be  more  susceptible  to 
simulator  sickness  than  students  with  no  experience  because  the  experienced  personnel  would  be  sertsltive  to  additional 
conflicts  between  setoory  expectations  derived  foom  long  term  memory  and  the  immediate  sensations  derived  from  the 
simulatdr  session.  Consequently,  empirical  data  were  sought  to  compare  the  susceptibility  of  experienced  and  novice  ait^ 
crew.  Greater  susceptibility  among  experienced  aircrew  would  implicate  the  simulator's  dynamic  features  as  a  cause  of 
simulator  induced  sickness  and  would  provide  further  support  for  the  theory  of  sensory  conflict. 


METHODS 

Partlelpaata 

Thirty-one  pilots  and  eleven  flight  engineers  scheduled  for  training  on  the  C-130H  (Hercules)  simulator  participated 
in  this  study.  Both  experienced  (7  flight  engineers,  12  pilots)  and  novice  (4  flight  engineers,  12  pilots)  aircrew,  all  males, 
participated.  The  experienced  group  consisted  of  aircrew  that  had  come  from  their  squadrons  to  the  simulator  facility 
for  advanced  training.  Some  members  of  this  group  had  already  used  the  simulator.  Their  experience  on  the  simulator 
ranged  ffom  20  to  124  hourr,  with  a  median  of  20  hours,  but  at  least  three  months  had  elapsed  since  their  last  session 
on  the  trainer.  This  group  also  had  accumulated  between  4S0  and  SSOO  hours  of  flight  time  on  Hercules  aircraft  (E  and 
H  models)  with  a  median  of  12S0  hours.  These  estimates  for  the  number  of  hours  of  training  on  the  simulator  and  the 
number  bouts  of  Hercules  flight  experience  are  based  on  data  provided  by  only  eleven  of  the  26  experienced  aircrew. 
The  remaining  data  were  missing.  Complete  data  from  all  members  of  the  group  indicated  that  the  number  of  hours 
they  had  logged  on  all  types  of  aircraft  ranged  from  846  to  10,000  hours,  with  a  median  of  3166  hours.  The  median  age 
of  this  group  was  32  years.  Those  In  the  novice  group  had  no  previous  training  on  the  Hercules  aircraft  or  Hercules 
simulator.  This  group  of  subj^  cts  was  undertaking  initial  training  for  type  certificatioo.  Their  flight  experience  cn 
other  aircraft  types  ranged  from  SO  to  4340  hours,  with  a  median  of  146S  hours.  Their  median  age  was  22  years. 
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Equipment 

The  mn]or  components  of  the  C-130H  simulator  include  an  Instrumented  flight  deck,  an  instructor  station,  a  visual 
display  system,  and  a  motion  platform.  The  pineal  components  of  the  simulator  cockpit  faithfully  duplicate  those  of 
the  alrcrtdt.  Hydraulic  loaders  with  hydrostatic  bearings  are  used  to  provide  force  feedback  to  the  primary  flight  con¬ 
trols. 

The  motion  platform,  a  SOO  series  design  built  by  CAE  Electronics  Ltd.,  is  a  six-post,  synergistic  system  providing 
motion  in  six  degrees-of-freedom  (DOF).  The  posts,  arranged  in  pairs  as  inverted  Vs,  also  have  hydrostatic  bearings; 
each  post  is  about  3.4  meters  long.  Some  motion  system  performance  characteristics  are  given  in  Table  1. 


Table  1:  Motion  System  Performance  Characteristics 


DOF 

Disnlacement 

Velocity 

Acceleration 

Pitch 

Roll 

Taw 

Vertical 

Lateral 

Lonxitudlnal 

+33*  -37* 

±28* 

i37‘ 

1.73m 

2.44m 

2.84m 

±34*Me’> 

db24*Me-> 
±0.61m  Mt'* 

±0.7 ’m  fee"* 
±0.7lin  iee"* 

±2S0’Ke-* 

±250*im-“ 

S;2S0‘m<-‘ 

±1.0g 

S;0.6g 

±0.6i 

The  resonant  frequency  of  the  motion  platform  is  recognised  for  its  importance  to  simulator  sickness.  Sensitivity  to 
motion  sickness  is  greatest  about  .2  Hz  (8).  To  characterize  this  aspect  of  the  C130(H)  simulator  a  three-axis  accelerom¬ 
eter  was  used  to  record  vibrations  at  a  pilot’s  seat  while  he  flew  a  typical  circuit.  Power  spectral  analysis  of  the  data 
indicated  that  the  magnitude  of  frequencies  between  0  and  2  Hz  did  not  exceed  .01  g  RMS.  There  was  no  evidence  that 
the  resonant  frequency  of  the  simulator  resided  within  this  range  or  that  the  energy  levels  within  this  range  approached 
hypothetical  thresholds  for  simulator  sickness  (9). 

The  visual  display  system  consists  of  six  separate  ’’windows”;  the  front,  quarter  and  aft  (side)  windows  of  the  pilot 
and  co-pilot.  Only  five  of  the  six  windows  are  votive  at  the  same  time.  Either  of  the  aft  windovrs,  but  not  both,  is 
active  depending  on  whether  the  pilot  or  co-piiot  is  flying  the  simulator.  Four  separate  ”  channels”  of  computer¬ 
generated  imageo  drive  the  S  active  windows.  One  channel  drives  both  front  windows  so  that  the  imagery  displayed  to 
the  pilot  and  co-pilot  is  identical.  In  other  words,  there  is  no  parallax  between  the  two  forward  windows;  pilot  and  co¬ 
pilot  see  exactly  the  same  scene  as  if  they  arc  at  the  same  vantage  point.  A  resulting  visual  effect  is  that  both  pilot  and 
co-pilot,  for  example,  may  simultaneously  perceive  themselves  to  be  centered  on  the  runway,  although  they  sit  on  oppo¬ 
site  sides  of  the  co  .kpit.  The  seating  positions  of  the  aircrew  are  shown  in  Figure  1. 
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A  RedillusioD  Novovi**  SP3  cystem  g«n«r«tu  the  computer  Imtceiy.  This  Imsgery  la  displayed  on  high  resolution 
CRTs  (780  X  1000  pixeb)  through  a  beam  splitter  and  collimating  mirror.  The  computer  generated  Imagery  (CGI)  sys¬ 
tem  Is  capable  of  producing  about  4000  light  points  and  200  surfaces.  Day,  dusk,  and  night  scenes  may  be  seen.  Max¬ 
imum  brightness  A  the  displays  are  3A  foot-lambcrts  (ft-L)  for  day  scenes,  1.5  ft-L  dusk  and  0.6  ft-L  night.  The  field- 
of-view  for  the  three  active  windows  on  the  pitot's  aide  of  the  cockpit  subtends  about  120  degrees  horisontal  and  40 
vertical.  System  reaction  times  to  discrete  control  inputs  are  shown  In  Table  2  for  the  attitude  display  indicator  (ADI), 
motion  and  visual  systems. 

Table  St  Throushput  Delays  For  ADI,  Motion  And  Visual  Systems  (milUseconds) 


Axis 

Delav  fmsi 

Take-off 

Cruise 

Landini 

PITCH  ■ 
Visual 

210 

210 

220 

ADI 

260 

230 

260 

Motion 

170 

180 

180 

ROLL 

Visual 

200 

210 

230 

ADI 

240 

260 

2.'‘0 

Motion 

leo 

190 

200 

YAW 

Visual 

250 

240 

240 

ADI 

240 

240 

230 

Motion 

180 

200 

200 

Unfortunately,  it  is  not  possible  to  determine  the  extent  to  which  the  control  loop  display  lags  shown  in  Table  2 
differ  from  actual  control  response  lags  as  the  latter  are  unavailable.  However,  the  visual  display  lags  presented  in  this 
table  are  relatively  large  and  appear  to  be  more  than  sufficient  to  generate  simulator  sickness  (6).  It  is  also  instructive 
to  note  (i)  that  the  length  of  the  lags  vary  with  different  stages  of  flight,  (ii)  that  the  lags  vary  with  the  type  of  control 
used  (elevators,  ailerons  and  rudder),  (iii)  that  visual,  motion,  and  instrument  lags  are  out  of  phase,  (iv)  that  the 
temporal  asynchronies  are  inconsistent,  and  (v)  that  motion  platform  response  precedes  visual  system  response. 

Procedures 

The  experimenter  observed  and  tested  each  subject  immediately  '  -fore  and  immediately  after  the  training  session. 
The  preseoee  and  severity  of  any  overt  signs  of  pallor,  sweating,  drowsiness  and  visual  nystagmus  were  recorded  at  these 
times.  Methods  for  these  ratings  can  be  found  elsewhere  (10).  Two  balance  tests,  the  Walk  On  Floor  Eyes  Closed 
(WOFEC)  and  the  Sharpened  Romberg  (SR)  were  given.  Detailed  descriptions  of  these  tests  are  provided  by  Fregly, 
Graybiel  and  Smith  (11). 

The  number  of  subjects  in  the  simulator  during  any  single  session  varied;  there  were  always  two  pitots  and  some¬ 
times  one  or  two  flight  engineers.  Each  simulator  session  lasted  four  hours  with  a  coffee  break  midway  through  the  ses¬ 
sion.  The  pilots  switched  positions  following  the  coffee  break,  allowing  the  person  who  was  first  co-pilot  the  opportunity 
to  be  aircraft  commander  and  vice  versa.  Since  the  research  literature  indicates  that  aircrew  adapt  to  the  simulator 
within  a  few  training  sessions  (eg.  (6)),  all  subjects  were  tested  on  their  first  day.  Following  the  training  session  each 
subject  completed  a  symptom  questionnaire  to  indicate  the  presence  and  severity  of  aftereffects.  Subjects  were 
requested  to  return  twenty  hours  later  to  respond  again  to  the  questionnaire.  They  were  assured  that  their  performance 
and  responses  would  not  affect  their  career  and  that  their  results  would  be  confidential. 


RESULTS  &  DISCUSSION 

Ninety-five  percent  of  the  subjects  experienced  at  least  one  symptom  listed  on  the  questionnaire  given  to  them 
immediately  after  their  training  session  on  the  simulator.  A  summary  of  their  responses  is  presented  in  Table  3. 

The  most  commonly  reported  symptoms  include  eye  strain,  after-sensations  of  motion,  mental  and  physical  fatique,  and 
drowsiness.  Most  symptoms  were  rated  mild,  some  moderate,  none  severe.  The  types  of  symptoms  and  their  severity 
are  similar  to  those  reported  in  the  literature.  No  subject  reported  severe  simulator  slcknew  os  might  have  been 
expected  on  the  basis  of  the  anecdotal  reports  of  pitots  who  flew  the  simulator  soon  after  its  installation.  This  may 
mean  that  some  of  the  more  provocative  characteristics  of  the  machine  were  corrected  by  software  modifications.  It 
may  also  mean  that  instructional  staff  learned  to  avoid  practices  known  to  precipitate  simulator  sickness,  such  as  freex- 
ing  the  visual  display  or  rapidly  repositioning  the  aircraft  (0). 

To  determine  whether  the  overall  incidence  and  severity  of  the  symptoms  reported  by  each  group  differed  reliably, 
diagnostic  criteria  established  by  Kennedy,  Dutton,  Lilienthal  Ricard  and  Frank  (12)  were  used  to  rate  the  responses. 
They  have  published  explicit  criteria  for  evaluating  simulator  sickness.  The  criteria  provide  a  means  by  which  symp¬ 
tomatology  may  be  ordered  according  to  severity.  A  sero  to  seven  scale  is  used;  seven  represents  emesis.  This  rating 
scheme  was  used  to  avoid  exaggeration  of  differences  between  groups  due  to  high  correlations  among  the  responses  to 
some  symptoms,  possibly  accounted  for  by  overlap  in  symptom  meaning. 

Diagnostic  sco.’es  )'ased  on  the  questionnaire  data  are  given  in  Table  4.  The  Mann-Whltncy  U  test  was  applied  to 
these  scores  to  determine  whether  the  two  groups  differed.  The  result  was  found  to  be  non-significant  {Z^  =  -1.1;  p  > 
.05).  It  is  of  interest  to  note  that  twelve  per  cent  of  the  aircrew  obtained  a  diagnostic  score  of  3  or  more  which  is 
believed  to  represent  a  threshold  for  voluntary  training  on  the  simulator  (12). 
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Table  3i  Frequeneiee  Of  Iminediate  Symptoms 


SvmDtom/RMeibo 

Novice 

_ (a-18) _ 

Bxperi«ie«<l 

_ (a-9«) _ 

Total 

(b-49) 

MUd 

ModiraU 

Severe 

Mild 

Mckl«r»4* 

Scrtrt 

1.  OBNBRALLOSSOFWELL-BBtNa 

s 

4 

3 

10 

9.  WARMTH 

3 

2 

8  1 

9.  HEADAOHE 

ft 

1 

4 

2 

9 

4.  PHYSICAL  FATIGUE 

6 

1 

3 

5 

21 

i.  STOMACH  AWARENESS 

S 

3 

3 

S.  VOMITEDfEMEStSI 

0 

7.  LOSS  OF  BALANCE 

s 

8 

1 

11 

8.  EYESTRAIN 

7 

1 

15 

4 

27 

g.  BLURRED  VISION 

1 

9 

1 

11 

10.  LOSS  OF  DEPTH  PERCEPTION 

2 

1 

3 

3 

11.  INVERTED  VISION 

1 

19.  VISUAL  FLASHBACKS 

1 

1 

19.  APATHY 

3 

4 

1 

8 

14.  MENTAL  FATIGUE 

7 

13 

2 

32 

IS.  DROWSINESS 

S 

12 

17 

10.  CONFUSION 

1 

3 

4 

17.  DIZZINESS 

1 

3 

4 

18.  VERTIGO 

1 

2 

8 

19.  LEANS 

5 

5 

90.  SPINNING  SENSATIONS-ROTATION 

1 

7 

1 

9 

91.  TRANSLATORY  SENSATIONS 

3 

5 

1 

9 

99.  DISORIENTATION 

1 

4 

5 

99.  AFTEP.-SENSATIONS  OF  MOTION 

4 

17 

3 

25 

94.  DIFFICULTY  IN  FINE  MOVEMENTS 

1 

8 

9 

95.  LOSS  OF  APPETITE 

2 

1 

3 

90.  EXCESSIVE  SALIVATION 

1 

1 

9 

97.  BURPING 

0 

28.  MOVE^fENT  OF  VISUAL  SCENE 

3 

7 

10 

TOTAL 

31 

3 

0 

152 

27 

0 

243 

Table  4:  Diagnostic  Score  Frequencies  -  Immediate  Symptoms 


Experience 

_ Bia 

Knostic  Score 

Total 

0 

1 

2 

3 

4 

5 

Novice 

4 

4 

7 

0 

0 

1 

16 

Experienced 

3 

6 

13 

3 

0 

1 

2(3 

Total 

7 

10 

20 

3 

0 

2 

42 

When  asked  the  next  day,  a  large  number  (81%)  of  subjects  indicated  that  their  symptoms  lingered  or  that  new 
symptoms  arose  following  training.  Table  5  provides  a  summary  of  the  responses.  It  shows  that  the  most  commonly 
reported  symptoms  for  both  the  experienced  sind  novice  groups  were  physical  and  mental  fatigue,  eye  strain,  drowsiness, 
after^sensatlons  of  motion,  and  headache.  Most  of  these  symptoms  were  mild,  few  moderate,  none  severe.  Some  symp¬ 
toms  lingered  briefly  for  a  few  minutes,  others  persisted  for  many  hours.  One  subject  said  he  had  a  headache  for  20 
hours.  Subjects  experienced  lingering  symptoms  for  a  median  of  2.6  hours.  There  were  three  reports  of  delayed  onset. 
One  Individual  (experienced)  reported  that  physical  fatigue  set  in  two  hours  after  ending  the  training  session,  lasting 
eight  hours.  Another  (novicel  reported  that  physical  fatigue  set  in  1.6  hours  following  training  and  lasted  approximately 
1.5  hours.  A  third  subject  (novice)  reported  that  he  experienced  visual  flashbacks,  translatory  sensations  and  after- 
sensations  of  motion  for  a  brief  peri^  of  time  (approximately  5  minutes),  ten  hours  after  training. 
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Tabl*  St  Frequencies  Of  Delayed  Symptoms 


Svinptom/Rfcttoo 

Novlee 

_ ta-lS) _ 

Bxpmwctd 

_ (■»-«) _ 

Total 

(n-38) 

Mild 

Moderai* 

Serert 

Mild 

Modcrale 

Sertre 

1.  CIENERAI,LOSSOFWEUrBBINQ 

1 

1 

£ 

1 

fi 

1.  WARMTH 

3 

3 

4 

3.  HBADAOHE 

s 

1 

S 

r 

8 

4.  PHYSICAL  PATIOUE 

8 

1 

ft 

1 

10 

5.  STCAdAOH  AWARENESS 

1 

1 

2 

3.  VOMlTEDfEMESlS) 

0 

7.  LOSS  OF  BALANCE 

8 

3 

8 

A  EYESTRAIN 

7 

1 

8 

1 

17 

9.  BLURRED  VISION 

3 

2 

2 

8 

10,  LOSS  car  depth  perception 

3 

3 

H.  INVENTED  vision 

0 

13.  VISUAL  FLASHBACKS 

1 

1 

3 

IS.  APATHY 

1 

2 

1 

14.  MENTAL  FATIGUE 

8 

7 

1 

18 

13.  DROWSINESS 

8 

S 

1 

0 

IS.  CONFUSION 

1 

1 

17.  DIZZINESS 

1 

1 

18.  VERTIGO 

1 

1 

19.  LEANS 

1 

1 

30.  SPINNING  SENSATIONS-ROTATION 

1 

1 

21.  TRANSLATORY  SENSATIONS 

1 

1 

22.  DISORIENTATION 

1 

1 

23.  AFTERSENSATIONS  OF  MOTION 

3 

s 

1 

8 

24.  DIFFICULTY  IN  FINE  MOVEMENTS 

1 

1 

25.  LOSS  OF  APPETITE 

1 

1 

2 

28.  EXCESSIVE  SALIVATION 

1 

1 

27,  BURPING 

0 

28.  MOVEMENT  OF  VISUAL  SCENE 

1 

1 

TOTAL 

4S 

i 

0 

33 

14 

0 

118 

The  pattern  of  responses  to  the  delayed  questionnaire  was  similar  for  the  two  groups.  DIugncstIc  scores  are  showii 
in  Table  8.  The  groups  did  not  differ  according  to  the  Mann- Whitney  V  test  {Zu  =  -1.1;  p  >  .05).  On  the  basis  of  this 
evidence,  and  the  negative  result  noted  above,  there  is  no  reason  to  conclude  that  there  is  any  relationship  between 
diagnostic  score  and  light  experience  on  the  Hercules  aircraft.  The  empirical  data  do  not  implicate  the  mathematical 
model  as  a  primary  cause  of  simulator  induced  sickness,  nor  do  they  affirm  the  notion  that  experiential  knowledge  of 
vehicular  dynamics  predisposes  aircrew  to  simulator  sickness. 


Table  6:  Diagnostic  Score  Frequencies  -  Delayed  Symptoms 


Experience 

1  Diacnostic  Score  1 

Total 

1  0  1 

rri 

a 

El 

ni 

B 

Novice 

K1 

n 

nn 

B 

B 

16 

Experienced 

LoJ 

run 

ij 

B 

B 

KB 

Total 

wm 

■a 

D 

B 

B 

since  the  numben  of  flight  hours  logged  hy  members  of  each  group  overlap  considerably  it  is  passible  to  examine 
more  general^  the  relationship  between  flight  experience  and  simulator  sickness.  Total  flight  hours  on  all  types  of  air¬ 
craft  were  correlated  with  diagnostic  scores  obtalmd  from  the  Immediate  and  delayed  questiormaires.  Because  flight 
experience  and  age  were  found  to  be  positively  correlated  (r  .S7),  and  because  sensitivity  to  disorientation  and  vertigo 
is  known  to  IncreaN  with  age  (13),  It  was  necessary  to  remove  variation  with  age  to  determine  the  relatiooship  between 
flight  experience  and  diagnostic  score.  A  partial  correlation  between  the  two  variables  of  interest  was  computed.  Also, 
because  the  criterion  measures  are  ordinal,  and  contain  many  ties,  the  ranking  technique  suggested  by  Ferguson  (li)  was 
used  to  calculate  correlation  coeOcIents.  The  coefilelent  of  correlation  between  total  flight  hours  and  diagnostic  score, 
accounting  for  age,  is  .03  for  immediate  symptoms  and  -.17  for  delayed  symptoms,  clearly  noirsignifleant  values.  These 
values  do  not  change  if  the  data  for  pilots  alone  ars  used.  The  lack  of  a  relationship  between  total  flight  hours  and 
diagnostic  score  suggests  that  general  flight  experience  is  also  ineffective  in  influencing  simulator  Induced  sickness. 
There  is  no  reason  to  believe  that  experienced  aircrew  are  differentially  sensitive  to  simulator  characteristics,  including 
Its  dynamic  features.  Therefore,  temporal  asynchronies  between  visual  and  motion  systems  do  not  seem  to  predispose 
experienced  aircrew  to  simulator  sickness  contrary  to  expectation. 

The  results  of  the  balance  tests  conflrm  this  conclusion.  A  split-plot  analysis  of  variance  using  the  scores  obtained 
from  the  WOFEC  test  revealed  a  signiflcant  practice  effect  (F{1,36)»11.1,  p  <  .002)  in  the  absence  of  an  interaction 
effect  between  group  and  replication,  or  main  offect  due  to  experience.  Similarly,  only  a  signiflcant  main  effect  due  to 
practice  (F(l, 33^3.1,  p  <  .03)  was  found  for  the  SR  balance  test.  Subjects  showed  a  general  improvement  in  balance. 
This  is  an  interesting  result  considering  that  25  subjects  (60%)  reported  after-sensations  of  motion  upor  leaving  the 
flight  simulator,  and  that  11  (26%)  reported  loss  of  balance. 

We  suspect  that  practice  effects  mask  ataxia.  Failure  to  find  degraded  performance  as  a  result  of  simulator  expo¬ 
sure  has  been  reported  by  Kennedy  et  al  (IS).  In  attempt  to  reconcile  this  result  with  that  of  Crosby  and  Kennedy  (16), 
who  found  significant  ataxia  problems  following  a  four-hour  training  session,  they  postulated  that  insufficient  exposure 
to  the  simulator  was  the  reason  why  they  did  not  detect  loss  of  balance,  maintaining  that  the  postural  equilibrium  tests 
are  sensitive  enough  to  measure  meaningful  effects.  In  the  present  study  the  duration  of  the  training  session  was  as  long 
as  that  of  Crosby  and  Kennedy.  With  the  exception  of  occasional  nystagmus,  no  overt  signs  of  simulator  sickness  were 
evident. 

The  association  between  flight  experience  and  simulator  sickness  is  a  topic  of  longstanding  Interest.  Havron  and 
Butler  (2),  the  first  to  document  simulator  sickness,  said  that  "Instructors  reported  sickness  somewhat  more  frequently 
and  in  a  more  extreme  form  than  students”.  Havron  and  Butler  suggested  that  Instructor’s  expectancies  are  more  firmly 
fixed;  consequently,  they  may  be  more  sensitive  to  simulator  inadequacies.  But,  they  also  offered  alternative  explana¬ 
tions,  noting  that  the  students  handled  the  controls  more  often,  and  that  visual  distortions  may  be  more  apparent  to 
the  experienced  pilot  who  scans  the  entire  visual  scene  rather  than  concentrating  on  a  specific  area. 

Miller  and  Goodson  (3)  also  suggested  that  experience  may  be  an  important  factor  in  the  genesis  of  simulator  sick¬ 
ness.  This  suggestion  was  based  on  their  finding  that  60%  of  instructor  pilots  reported  symptoms  compared  to  12%  of 
student  pilots.  They  suggested  that  a  difference  in  willingness  to  report  symptoms  may  be  one  factor  that  helps  explain 
the  difference  In  Incidence  between  instructors  and  students.  McGuiness,  Bouwma.n  and  Forbes  (S)  found  that  aircrew 
with  more  than  1500  flight  hours  had  a  higher  incidence  of  symptoms  than  less  experienced  aircrew,  but  they  note  that 
other  characteristics  of  the  subject  populations  complicate  the  interpretation  of  this  result.  Physiological  changes  result¬ 
ing  from  aging  may  influence  susceptibility,  they  say,  becauw  problems  of  disorientation  and  vertigo  increase  with  the 
age  of  aviators  (13),  Paradoxically,  the  relation^ip  between  age  and  experience  is  used  by  Kennedy  (17)  to  help  explain 
a  finding  in  apparent  contradiction  to  the  rest  of  the  research  literature.  He  found  that  more  experienced  flight 
engineers  reported  fewer  symptoms  of  simulator  sickness  than  seemingly  less  experienced  personnel.  He  explains  that 
loss  of  vestibular  and  visual  sensitivity  with  age  may  afford  some  protection  from  simulator  sickness  by  reducing  the 
salience  of  conflicting  cues. 

In  conclusion,  the  research  literature  provides  a  small  amount  of  circumstantial  evidence,  often  gathered  inciden¬ 
tally,  beating  on  the  significance  of  flight  experience.  A  variety  of  confounding  variables  have  been  offered  to  cloud  the 
establishment  of  a  clear  relationship  between  flight  experience  and  susceptibility  to  simulator  induced  sickness.  The 
significance  of  the  present  study  is  that  it  directly  assessed  the  role  of  experience,  examining  the  relevance  of  both  type 
specific  and  general  aircraft  experience,  and  that  it  took  into  account  age  as  a  confounding  variable.  The  results  chal¬ 
lenge  the  generality  of  the  notion  that  flight  experience  predisposes  aircrew  to  simulator  sickness.  However,  we  do  not 
regard  our  results  as  definitive.  One  reasonable  explanation  for  the  apparent  ineffective  role  of  experience  in  the  present 
study  is  that  the  experienced  group  possessed  both  simulator  and  aircraft  experience.  They  may  have  learned  to  reduce 
simulator  Induced  sickness  by  spontaneously  practising  techniques  to  alleviate  its  occurrence,  such  as  minimising  head 
movements  or  avoiding  the  visual  display  (see  (9)).  Insufficient  data  were  obtained  in  this  study  to  dissociate  these 
facets  of  experience.  Clearly,  additional  experimentation  is  needed  to  clarify  further  the  associations  among  simulator 
fidelity,  flight  experience  and  simulator  Induced  sickness. 


ACKNOWLEDGEMENTS 

The  authors  are  Indebted  to  several  persons  for  their  help  In  supplying  Information  for  this  report.  We  thank  Mr. 
B.  Crabtree  for  acquiring  and  analysing  the  vlbratioa  of  the  C130(.H)  simulator.  We  thank  Mr.  P.  Marshall,  of  CAE 
Electronics  Ltd.,  for  the  latency  data  reported  In  Table  8.  We  also  thank  MgjotS  D.  Timperon  and  J.  Lumley,  CUef 
Flight  Simulator  Instructors,  and  Captain  R.  Myrah  from  486  Transport  Training  Squadron  for  their  help  and  a^tance 
in  carrying  out  this  study. 


5-7 


RBFERBNCES 

1.  McCauley,  M.  E.  Sim%htor  Siekutu;  Procttiin§t  •/  ■  warktkep.  N»tioii»l  Academy  of  Sciences  /  National 
Research  Council,  Committee  on  Human  Factors,  1084. 

2.  HaVRON,  M.  D.  and  L.  F.  SUTLER,  fvafaattan  of  trainmy  offettivtnet*  of  the  tFHt  heheopter  flijM  trainer 
reatarck  tool  NAVTRADEVCEN  lOlMXKl,  Naval  Tralnin«  Device  Center,  Port  Washington,  NY,  April  1057. 

3.  hiULLER,  J.  W.  and  J.  E.  GOODSON.  Motion  sickness  In  a  hei.copter  simulator.  Aerospace  Medieme,  1060,  SI,  204- 

212. 

4.  reason,  j.  T.  and  E.  DIAZ.  Sfmatator  eiekneee  in  pjestvc  oktervert.  FPRC/1310,  Flying  Personnel  Research 
Committee,  London,  1071. 

5.  McGUlNNESS,  J.,  J.  H.  BOUWMAN  and  J.  M.  FORBES.  Simntator  siekneti  occurrences  in  tke  tSS  Air  Comkat 
Maneuvering  Simu/ator  (ACMS).  NAVTRAEQUIPCEN  80-C-0315-4S00-1,  Naval  Training  Equipment  Center, 
Orlando,  FL,  February  1081. 

6.  ULIANO,  K.  C.,  R.  S.  Kennedy  and  E.  Y.  Lambert.  Asynchronous  visual  delays  and  the  development  of 
simulator  sickness.  In  Proceedings  Of  Tke  Unman  Poclors  Soeiett  SOtk  Annual  Meeting,  Dayton,  Ohio,  September, 
1086. 

7.  CASALI,  J.  G.  and  W.  W.  WIERWILLE.  Potential  design  etiological  factors  of  simulator  sickness  and  a  research 
simulator  specification.  In  Papers  presented  at  tke  TVoneporfation  Research  Board  Meeting,  Blacksburg,  Virginia, 
24061,  January  1086.  (In  press  for  the  Transportation  Research  Record). 

8.  O’HANLON,  J.  F.  and  M.  E.  MOCAULETY.  Motion  sickness  incidence  as  a  function  of  the  frequency  and  acceleration 

of  a  vertical  sinusoidal  motion,  Aeroapaee  Medicine,  1074,  366-360. 

0.  KENNEDY,  R.  S.,  K.  S.  BERBAUM,  M.  G.  ULENTHAL,  W.  P.  DUNLAP,  B.  E.  MULLI^  and  J.  F.  FUNARO. 
Guidelines  for  alleviation  of  simulator  sickness  agmptomatology.  Naval  Training  Systems  Center, 
NAVTRASYSCEN  TR-87-007,  Orlando,  Florida,  March  1087. 

10.  Magee,  L.  E.  and  P.  TULL  Y.  Diagnosis  of  simulator  sickness  in  tke  CF-IS  WiSJ'.  DCIEM  Report  86-R-Ol,  DCIEM, 
Downsview,  Ontario,  Canada,  November  1085. 

11.  FREGLY,  a.  R.,  a.  GRAYBIEL  and  M.  J.  SMITH.  Walk  on  floor  eyes  closed  (WOFEC):  A  new  addition  to  an  ataxia 
test  battery.  Aerospace  Medicine,  1072,  4%  305-300. 

12.  Kennedy,  R.  S.,  B.  button,  G.  L.  Picard  and  L.  H.  frank,  simulator  sickness:  A  survey  of  flight  simulators 
for  the  navy.  SAE  Technical  Paper  Series,  841S97,  Warrendale,  PA,  October,  1084. 

13.  PUIG,  J.  A.  The  sensory  interaction  of  visual  and  motion  cues.  Naval  Training  Device  Center  ISth  Anniversary 
Commemorative  Technical  Journal,  November,  1071. 

14.  FERGUSON,  G.  A.  Statistical  Analysis  in  Psychology  and  Education.  McGraw-Hill  Book  Company,  Toronto, 
Ontario,  1076. 

15.  Kennedy,  r.  s.,  l.  h.  frank,  m.  e.  Mccauley,  a.  c.  j.  Bittner,  r.  w.  Root  and  T.  A.  binks.  Simulator 
sickness:  Reaction  to  a  transformed  perceptual  world.  VI.  Preliminary  site  surveys.  AGARD  Aerospace  Medical 
Panel  Symposium,  Williamsburg,  VA,  May  3-4,  1084. 

16.  Crosby,  T.  N.  and  R.  S.  Kennedy.  Postural  disequilibrium  and  simulator  sickness  following  flights  in  a  P3-C 
operational  flight  trainer.  In  Preprints  of  the  scientific  program  of  the  SSrd  Annual  Seientifie  Meeting  of  the 
Aerospace  Medical  Association,  Bal  Harbor,  FL,  10-13  May  1982. 

17.  Kennedy,  R.  S.  Aircraft  operational  flight  trainer  2F87  (#5),  trip  report  of  sickness.  In  Simulator  sickness: 
Reaction  to  a  transformed  perceptual  world.  II.  Source  kook  and  suggested  readings,  KENNEDY,  R.  S.,  L.  H.  FRANK 
and  M.  E.  MCCAULEY  (Eds.).  Naval  Training  Equipment  Center,  Orlando,  Florida,  July  1083.  (Draft  copy). 


DISCUSSION 


S4 


UMIDSHTIFIID  QOSSTlOHBSi  Did  you  obsorv*  aoM  nystagaua? 

KSQWt  Yoa,  wa  did.  It  waa  a  vary  rara  avant,  but  wa  piekad  thla  up  on  thraa  or  tour 
Uiiiaiant  occaaloasi  but  wa  ara  unabla  to  axplaln  thaaa  raaponaaa.  I  ahould  hava  man- 
tlonad  that  thara  wara  no  ovart  aigna  of  pallor,  awaatlng,  or  drowalnaas.  Alao,  wo 
aaw  nyatagmua  on  a  ooupla  of  ocoaalona  bafora  tha  alnulator  run,  ao  thaaa  data  ara  not 
Maningtul. 

auiDRYi  Undar  what  condltionB  did  you  obaarvo  tha  nyatagnua? 

MAGBBi  Na  alnply  obaarvad  aubjacta*  ayaa  aa  thay  followad  our  flngartlpa,  l.a.,  aa 
^oy  lookad  to  tha  laft,  to  tha  right,  up,  and  down.  It  waa  not  aophiaticatad  taating. 
(Notat  Anawar  did  not  claarly  diatinguiah  batwa^n  avaluation  of  quality  of  pursuit  aya- 
traoking,  praaanca  of  gaao  nyatagmua,  ate.,  but  this  waa  obviously  not  a  primary  objac- 
tlva.) 

gRICBi  Did  you  aay  that  60%  of  tha  aubjacta  axparlancad  aftar-ef facta ,  or  60%  of  those 
who  presented  synptana  had  aftar-affacta? 

MAGEE I  60%  scored  greater  than  2  on  the  diagnostic  scale.  Twenty-five  of  the  42  subjects 
scorad  at  least  2,  3,  4,  5  on  our  diagnostic  scale. 

PRICE >  So  that  was  not  related  to  after-affecta  but  rather  percent  having  symptoms? 

MAGEE 1  Yes.  (Note:  Magee's  Table  S  shows  that  12  of  39  subjects  Indicated  Delayed  Symp- 
tom  Scores  of  2  or  greater.) 

BBlSONt  Cooing  back  to  the  problem  of  ataxia  following  exposure,  do  you  have  any  idea 
of  tha  Incidence  of  ataxia  following  real  flight? 

MAGEE:  No, 


BENSON:  I  think  we  need  thla  comparlaon  between  affects  followinq  real  and  simulated 
flights, 

MAGEE:  Yes,  but  I  think  it  is  more  ln^ortant  to  examine  these  ataxia  tests  -  they  seem 
very  Insensitive.  I  was  alarmed  by  how  easy  It  was  to  Improve  performance  by  practice, 
by  simple  things  like  distributing  more  or  less  weight  aeross  the  two  feet,  locking  one 
knee  behind  the  other,  etc.  Ne  need  to  Improve  our  tests  of  ataxia  before  moving  to  the 
problem  of  comparing  effects  of  actual  flight  and  simulator  flight.  (Note:  There  are 
elaborate  methods  of  evaluating  ataxia  as  Indicated  by  Parker  later  in  the  meeting.) 

BENSON;  The  question  Is  whether  or  not  ataxia  is  a  simulator  effect  or  one  that  also 
occurs  during  real  flight. 

KRRY:  If  I  understood  you  correctly,  there  was  a  coffee  break  In  the  middle  of  the 
4-hour  session? 


MAGEE;  Yes. 

BERRY:  Did  you  evaluate  whether  coffee  or  tea  consumption  during  the  break  had  any 
effect  on  performance? 

MAGEE:  No. 

BERRY:  I  would  think  that  there  might  be  a  significant  effect. 

MAGEE:  I  don't  know.  These  fellows  drink  a  lot  of  coffee  all  the  time.  If  we  deprived 
them  of  coffee,  we  may  have  found  a  larger  effect. 

DOPPELT;  Although  It  was  not  the  point  of  your  paper,  did  you  do  any  analysis  as  to 
training-effect  activity  relating  to  the  symptoms? 

MAGEE:  None.  I'd  love  to. 

CASALI:  Given  the  level  of  transport  delay  Inherent  In  the  simulator  control  loop,  do 
you  have  any  information  on  how  the  tracking  performance  In  the  simulator  and  control 
reversals  correlate  with  what  la  actually  experienced  in  the  plane? 

MAGEE:  Mo,  I  did  not  measure  performance.  I  know  that  we  were  not  having  problems 
with  oscillation,  but  I  have  no  measure  of  actual  tracking  performance. 
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A  qunntlonnniro  aurvny  wnn  undortnknn  of  pilots  with  •xparionco  of  two  sir  coabat 
sinalntora.  Two  hundrod  and  aovonty  ono  raapondonta  eoaplatad  quastionnairajt  sosm  up 
to  two  yaara  rotrospoctivOly  and  othars  iaiadintaly  aftar  a  siaMlator  aaaslon.  Thara 
wara»  thua.  four  aaparata  stadias.  Tha  qaastionnaitas  sought  Inforawtion  on  tha 
incidanoa  of  diaaquilibriaa  and  othar  synptona  aapariancad  in  tha  alnalator  and  aftar 
laaving  it.  Tha  proportion  of  thoaa  auffarlng  nt  laaat  ono  ayapto*  in  tha  alnalator 
variad  batwaan  50%  and  nora  than  90%  aeroaa  stadias  (53.5%  ovarall).  Bowavar,  not  all 
tha  aynptooM  raportad  wara  onaguivoeally  aacribabla  to  diaoquillbrian.  Tha  proportion 
of  aach  aaapla  raporting  dalay^  aynptona  waa  batwaan  10%  and  50%  (13%  ovaiall).  Tha 
affact  on  tha  raapondanta*  notivation  to  aaa  tha  aia>>lator  waa  nagllglbla. 

ISTKODOCTIOS 

Tha  survays  raportad  in  thia  docunant  wara  undartakan  at  tha  bahaat  of  th>  Simulator 
Tachnology  Raaaarch  Liaiaon  Coanittaa  of  tha  Ministry  of  Dafanca.  Tha  litaraat  in 
ainulator-inducad  alcknaaa  waa  provokad  by  raporta  originating  in  tha  Onital  Statas  of 
Anarlca  suggaating  that  HK>darn  ainulators,  partienlarly  thoaa  with  wida  fi'tld  of  view 
viaual  ayatana  and  no  notion  platforms,  could  induca  aynptona  of  dlsaquillbilum  both  in 
tha  slnulator  and  some  tlna  aftar  laaving  it.  Dalayad  symptoms  could  posit  a  serious 
throat  to  flight  safety.  Symptoms  expariencad  in  tha  simulator  could  compromise 
training  by  direct  intarferanca  or  by  reducing  tha  trainee' a  notivation  to  use  the 
simulator. 

Ronnady  at  al  (1)  have  provided  a  convanlant  summary  of  seven  studies  of  simulator 
alcknaaa  batwaan  1957  and  1982  involving  four  simulator  types  and  axposuraa  of  30 
minutes  to  one  hour  for  air  combat  aimulators  and  up  to  four  hours  on  othar  types. 
Among  tha  general iaations  they  derived  from  these  studies  wara  tha  following! 

-  Nausea,  dixslnesa  and  ataxia  were  the  most  commonly  reported  symptoms. 

-  Incidancas  ranged  from  11%  to  88%. 

-  Wida  field  of  view  was  a  factor. 

-  Tha  likalihood  of  symptoms  was  related  to  the  intensity  of  sutnoauvrlng  or  tha 
duration  of  exposure  to  the  simulator. 

-  Nora  axperiancad  pilots  were  more  susceptible. 

They  want  on  to  investigate  tha  incldanca  of  simulator  sickness  among  64  aviators 
flying  one  of  two  helicopter  simulators.  They  found  that  nearly  40%  reported  two  or 
more  syaptoms  and  80%  reported  at  least  one  symptom.  Kennedy  et  al  (2>  Investigated 
1008  aircrew  members  exposed  to  eleven  simulators  and  found  one  or  more  symptoms  in  13% 
to  55%  of  cases. 

One  of  the  more  disturbing  studies  included  in  the  summary  was  that  by  Kellog  et  al 
(3)  on  an  air  combat  simulator.  Of  48  pilots  87.5%  exhibited  some  untoward  effects. 
Nausea  was  reported  by  79.2%.  Sensations  of  spinning  or  pitching,  vivid  visual  images  of 
the  simulator  sortie  and  other  symptoms  were  experienced  aftar  laaving  the  simulator  - 
in  some  cases  ten  hours  later.  The  pilots  were  engaged  in  an  intensive  programme  of  air 
combat  training  involving  approximately  12  hours  of  simulator  flying  in  one  week. 

Drawing  on  the  extensive  experience  of  simulator  sickness  recorded  in  these  studies, 
Kennedy  et  al  (4)  have  proposed  guidelines  for  simulator  use  Intended  to  minimise  the 
untoward  affects.  These  include i 

-  Avoiding  freetlng  in  unusual  attitudes  or  slewing  the  visual  system  while  it  is 
visible  to  the  pilot. 

-  Restricting  tha  duration  of  simulator  aassions  to  less  tha  i  two  hours  and  taking 
breaks  during  a  session. 

-  Allowing  at  laaat  one  day  breaks  between  slsuilator  sorties. 

-  Reducing  the  duration  and  intensity  of  activities  after  long  periods  away  from  the 
simulator. 

The  Royal  Air  Force  has  an  increasing  requirement  for  air  combat  simulation.  The 
combination  of  very  wide  angle  field  of  view  and  fixed-base  cockpits  in  the  air  combat 
simulators  currently  in  use  and  projected  for  future  use  is,  according  to  the  evidence 
available,  potentially  provocative  of  symptoms.  Host  invidious  would  be  delayed 
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■yaptoM  et  dlaaqitillbrluai  wfandarad  by  adaptation  to  tha  aiaulator  anvironoant,  Tha 
Intaatioa  bahind  tha  currant  atudy  waa  to  draw  on  aslatlnp  aaparionea  of  air  coabat 
alanlatora  In  tha  RAF  la  ordar  to  gauga  tha  alia  of  tha  problaa. 


Two  air  coabat  alaulatora  warn  awallabla  tor  atudy.  Thay  had  aaaaatlally  alallar 
daalgaa  (tlaad-baaa  cockplta  within  a  projaetlon  doaM)  but  tha  ona  at  tha  Royal  Aircraft 
■stabXlahaantt  Parnborough  waa  uaad  aaclualvaly  aa  a  raaaarch  tool*  tha  pllota  aurvayad 
had  takaa  part  In  a  warlaty  of  trlala  not  dlraetly  llnkad  to  air  coabat  flying.  The 
pllota  aurwayad  tor  thalr  auparlanea  of  the  alanilator  at  Brltlah  Aaroapaca,  Narton,  had 
all  baan  aagagad  In  air  ooatet  training. 

A  quastlonnalra  waa  dawlaad  In  two  toraai  Fora  A  waa  to  ba  glvan  to  pllota  laaaadlataly 
attar  aspoaura  to  a  alanlater  tor  coaplatlon  In  two  parta,  tha  flrat  (cowaring  ayaptoaa 
aaparlanoad  la  tha  alanlater)  during  tha  dabrlat,  tha  aacond  (covering  dnlayad  ayaptoaa) 
thraa  daya  later.  Fern  R  waa  alatllar  but  waa  a  ratroapaetlva  Inquiry  aant  to  pllota  who 
had  baan  aapoaad  to  tha  alaulatora  during  tha  preceding  two  yaara.  Tha  Parnborough 
alauiator  waa  tha  aubjact  et  tha  flrat  phaaa  et  tha  Invaatlgatloni  pllota  with 
axparlaaca  et  tha  Narton  nlaulator  warn  aurva)^  later,  m  a  raault  ot  axparlanea  In 
the  tlrat  phaaot  one  quaation  ("For  how  long  did  you  tly  tha  alauiator?'*)  waa  allghtly 
altered  to  pamlt  a  tlnar  catagorlaatlon  ot  raaponaaa.  Tha  quaatlonnalraa  aought 
Inforaatlon  la  tha  following  catagorlaat 

-  Total  flying  axparlanea 

-  Kxparlanca  ot  the  air  coabat  alauiator. 

-  Bttacta  axparlanead  In  tha  alauiator. 

-  Delayed  affecta, 

-  Actlvltlaa  after  flying  the  alauiator  (flying  or  driving)  and  unuaual  affecta 
axparlanead  while  engaged  In  thoaa  actlvltlaa. 

-  Onuaual  ayaptoaa  axparlanead  In  other  alaulatora. 

-  Changea  of  attitude  towarda  tha  alauiator. 

-  Other  cnaaenta. 

A  full  Hat  of  tha  affecta  for  which  a  Yaa/No  reaponaa  waa  aought  can  ba  aaan  in 
Tablaa  2  ( iaaadlata  affecta)  and  3  (delayed  affecta). 


Tha  return  rata  for  tha  two  ratroapaetlva  atudlea  waa  approxiaataly  70%.  The  rasulta 
fron  tha  two  alnulator  altaa  and  two  forna  of  tha  quaatlonnaira  are  aufficiantly 
different  to  warrant  aeparata  praaantation  in  noat  of  tha  tablaa  and  figuraa  that 
follow.  Table  1  contalna  a  auawary  of  tha  total  flying  axparlanea  of  tha  raapondanta. 
Table  2  ahowa  the  Incidence  of  laMdlate  affecta.  and  Tabla  3  that  of  delayed  affecta. 

In  Figura  1  tha  extent  of  axpoaura  to  tha  air  eoaibat  alaulatora  la  auanariiad.  Figure 
2  recorda  the  proportlona  of  raapondanta  auffarlng  one.  two.  thraa.  aora  than  thraa  or 
no  ayaptoaa  while  flying  tha  alauiator t  tha  affecta  'exhilaration*  and  *aenao  of  well 
being*  hava  )>aan  excluded  from  thia  and  all  other  analyaaa  In  which  the  tera  'ayaptoaa* 
la  uaad  In  preference  to  tha  tara  "affects*.  Figure  3  praaanta  a  alallar  analyala  of 
delayed  ayaptoaa. 

Many  of  the  coaaanta  added  by  raapondanta  provided  Intaraating  quallf icatlona  to  the 
rather  bald  atataaant  that  a  ayaptoa  had  baan  axperianced.  Tha  following  Hat 
paraphraaaa  and  auaaariaaa  aoat  of  thoaa  coaaantai 

-  Syaptoaa  expariancad  aa  a  raault  of  standing  in  the  done  next  to  tha  alauiator 
cocJcplti  29  coaaanta  (all  froa  Narton)  i  aoat  of  the  riiportad  ayaptoaa  were  not 
Included  in  the  data  but  13  laawdiata  and  eight  delayed  ayaptoaa  reported  by  tan 
raapondanta  ware  in  a  sufficiently  aablguous  context  to  warrant  Inclusion. 

-  Syaptoaa  (particularly  fatigua)  ascribed  to  prolonged  or  high  worJcloadi  14 
cnaaenta . 

-  Syaptoas  due  to  aqulpaent  daf icienclaai  These  ware  aainly  confined  to  critlclsaa  of 
the  viaual  systaas.  eg  poorly  defined  horlaon  caualng  uncertainty  about  attitude, 
out  of  focus  visual  aystea  or  haad-up  display  causing  headache  or  visual  problaas 
and  Halted  resolution  of  tha  visual  syatea  na)clng  target  selection  difficult!  9 
coaaents 

-  Syaptoaa  due  to  tha  raallsa  of  tha  slaulatloni  8  coaaenta.  eg  difficulty  with 
perception  of  attitude  whan  near  the  vertical*  faalinga  of  Instability 
(unsteadlnaaa)  at  low  airspeed. 


'6  hr 
6  hr 
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*  SyaptoM  only  alight  or  vary  brlaft  lo  eoaaanta. 

*  tyaptoM  peaalbly  dua  othar  faetora  (alcohol  or  toed)i  5  eoaaiaiita  (all  froa 
War ton) , 

'  Syaptoaw  oaparlanoad  oalnly  or  only  during  viaual  ayatao  raaatat  5  eoaoanta. 

With  tha  aaeaptlon  of  tha  IS  Warton  h-Foro  raapondanta,  thoaa  who  autfarad  arara 
lawMdiata  aya^toM  appaarad  to  auttar  aora  dalayad  ayaptoaM  aa  wall.  Tha  corralation 
(for  tha  antira  aaapla)  batwaan  auabar  of  laaiadlata  ayaptoaa  and  nuabar  of  dalayad 
ayaptoao  raportad  la  low,  but  algalf leant  (t.  >  0.21,  p<0.01).  Thara  waa  no  corralation 
batwaan  total  flying  houra  and  nuabar  of  laiaMlata  or  dalayad  ayaptoaa. 

In  conaldarlng  tha  affacta  of  tlaM  In  tha  alaulator  on  tha  nuabar  of  ayaptoaa 
raportad,  analyala  waa  raatrletad  to  raapondanta  raportlng  tha  aodal  nuabar  of  daya  of 
aapoaura  (ona  for  Tarnborough,  thraa  for  Warton).  Figaro  4  ahowa  that  longar  axpoaura  to 
tha  Farnborough  alaulator  tandod  to  produce  aora  ayaptoaa  In  tha  alaulator.  Coablnlng 
raapondanta  to  Poraa  A  and  B  for  tha  Farnborough  alaulator  ylolda  a  aaMll,  but 
algnlflcant  corralation  (r,  >  O.at,  p<0.0S).  Tha  ralatlonahlp  la  not  apparant  In  tha 
Warton  data  for  laaadlata  ayoptoata  (Figure  4)  or  In  tha  dalayad  ayaptoa  data  froa  althar 
alaulator  (Flgura  S). 

Tabla  4  ahowa  tha  nuabar  who  flaw  an  aircraft  or  drova  a  ear  after  flying  tha 
alaulator  and,  of  thoaa,  tha  nuabar  who  did  ao  with  ayaptoaa. 

Soaa  raapondanta  (nearly  all  of  tham  in  tha  Warton  B  aaapla  )  ware  Icnown  to  have  had 
anra  than  ona  aapoaura  to  tha  alaulator.  Tabla  S  ahowa  that  a  aaallar  proportion  of 
thaaa  pllota  raportad  ayaptoaa,  but  tha  dlffaranca  waa  not  algnlflcant  (Fiahar  Baact 
Probability  taata  ~ laaadlata  ayaptoaa  p>0.12i  for  dalayad  ayaptoaa  p>0.3C). 

Raapondanta  who  had  raportad  laaadlata  or  dalayad  ayaptoaa  wara  aa)(ad  to  aaaaaa  tha 
affact  of  tha  axparlanca  on  thair  vllllngnaaa  to  uaa  tha  alaulator.  Tabla  6  aunoaritaa 

thoaa  raaponaaa. 


table  It  Total  flying  axparlanca  (houra) 


Location! 
Forat 
H  > 


Farnborough  Warton 
A  B  A  B 
2S  SS  15  17C 


Mean 

Standard  deviation 

Klnlaaa 

Maxlaua 


2372  2332 

iios  lies 

400  400 

5000  4700 


613  1533 
541  134 

200  100 
1700  6000 


TABLB  2 I  Incidanca  of  inaadlata  affacta  (parcontaga) 


Location t 
Forat 

S  « 

falaa  parcaptlon  of  attitude 
diiilneaa 

apinning  aanaationa 

unataadinaaa 

haadacha 

pallor 

atoaach  awarenaaa 

burping 

laaaltuda/waa)cnaaa 
yawning 
cold  awaat 
confualon 
phyalcal  fatigue 
aantal  fatigue 
viaual  preblaaa 

difficulty  with  fine  aovaiMnta 

wxhllaratlon 

acnaa  of  wall  being 


Farnborough 

Warton 

A  B 

A 

B 

25  55 

IS 

176 

28  13 

20 

35 

12  4 

0 

8 

4  5 

7 

6 

B  4 

27 

13 

12  11 

0 

1 

0  0  0  1 

4  2  0  3 

0  0  0  1 

0  2  0  1 


0 

13 

13 

2 

0 

2 

0 

3 

4 

5 

13 

6 

48 

25 

0 

3 

32 

33 

0 

6 

8 

7 

0 

7 

12 

2 

13 

7 

24 

11 

27 

24 

4 

2 

0 

5 
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TABLE  ii  IncldttQc*  of  delayed  effect!  (percentage) 


Location I 


Farnborough 


Narton 


Pormt 

A 

B 

A 

B 

N  - 

2S 

55 

15 

176 

false  perception  of  attitude 

0 

0 

13 

1 

diiiineas 

0 

2 

40 

2 

headache 

4 

4 

0 

1 

pallor 

0 

0 

0 

C 

stomach  awareness 

4 

0 

0 

1 

loss  of  appetlta 

0 

0 

0 

0 

nausea 

0 

0 

0 

1 

vomiting 

0 

0 

0 

0 

unusual  physical  fatigue 

12 

4 

0 

1 

unusual  mental  fatigue 

8 

5 

0 

1 

yawning 

3 

2 

0 

1 

burping 

0 

0 

0 

0 

confusion 

0 

0 

0 

0 

s{inning  sensations 

16 

4 

7 

2 

unsteadiness 

0 

2 

20 

2 

difficulty  with  fine 

movements 

0 

0 

0 

0 

visual  problems 

0 

0 

0 

0 

vivid  visual  imagaa 

4 

0 

13 

5 

flying  sensations 

8 

0 

7 

2 

TAbLE  4i  Post-simulator 

activities 

( number 

reporting) 

Location: 

Farnborough 

Warton 

Form; 

A 

B 

A 

B 

S  - 

25 

55 

15 

176 

flew  an  aircraft... 

0 

9 

0 

7 

. . .with  delayed 

symptoms 

0 

2 

0 

0 

drove  a  car... 

20 

44 

8 

110 

. . .with  delayed 

symptoms 

2 

6 

0 

1 

TABLE  5;  Incidence  of  symptoms  and  number  of 

exposures 

(War ton  l 

B  only) 

Immediate  symptoms 

Delayed  symptoms 

Number  of  None 

One  or 

more 

None 

One 

or  more 

exposures 

One  78 

74 

138 

14 

Two  or  more  16 

8 

23 

1 

TABLE  6:  Effects  on  willingness 

to 

use  the 

simulator. 

(Percentage) 

Location : 

Farnborough 

Warton 

Form:- 

A 

B 

A 

B 

N  = 

25 

55 

15 

176 

Greatly  increased 

0 

9 

13 

10 

Slightly  increased 

12 

4 

7 

5 

No  influence 

44 

27 

47 

28 

Slightly  decreased 

4 

0 

0 

1 

Greatly  decreased 

0 

2 

0 

1 

No  answer 

40 

58 

33 

55 

Discnssioi 

General  conunentiii  i 

Few  significant  relationships  were  apparent  in  these  data.  The  number  of  untoward 
symptoms  experienced  in  the  simulator  or  afterwards  was  not  demonstrably  related  to  the 
total  previous  flying  experience  of  the  pilots.  There  was  m  statistically  significant 
change  in  the  Incidence  of  symptoms  with  repeated  exposure  to  the  simulators  (Table  5). 
Length  of  exposure  to  the  simulator  was  not  demonstrably  related  to  the  number  of 
d  .ayed  symptoms  reported.  However,  pilots  flying  the  Farnborough  simulator  were  more 
li)cely  to  experience  symptoms  during  a  long  session  than  a  short  one.  It  is  probably  no 
coincidence  that  physical  and  mental  fatigue  are  the  predominant  symptoms  reported  from 
Farnborough;  prolonged  and  heavy  workload  was,  apparently,  a  more  significant  problem 
than  disequilibrium  (see  Table  2)  for  reasons  discussed  below  (under  Immediate 
symptoms ) . 
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Pilots  who  rsportsd  osny  IsMdiats  aysptons  wars  also  aora  llkaly  to  raport  dalaysd 
syaptoM.  Thla  Eluding  la  sonawhat  at  trarlanca  with  tha  notion  that  dalayad  synptoma  of 
disoguillbrlua  aro  likely  to  arlaa  aa  a  raai'lt  of  adaptation  to  tha  simulator 

anvironaant,  and  la  dua  to  aany  of  tha  raportad  dalayad  ayaptoaa  baing  continuation  of 
affects  eaparlencad  In  tha  aiaulator  <ag  fatlgua*  soaa  reports  of  dliiinass  and 

unstoadinaas ) .  Bxcaptlona  ara  flying  and  spinning  sensations,  which  were  most  often 
experiancad  on  closing  the  ayes  whan  going  to  bad. 

Tha  dalay  (ovar  a  yaar  In  soma  casas)  in  raaehlng  soma  of  tha  ratrospective 

raspondants  must,  Inavitably,  hava  allowad  a  numbar  of  lass  notaworthy  affects  to  be 
forgotten.  The  fact  that  tha  visit  to  tha  air  combat  simulator  was  an  intarestlng  and 
unique  experience  for  many  of  the  respondents  may  hava  reduced  this  memory  loss.  On  the 
other  hand,  the  administration  of  Form  h  questionnaires  may,  in  itself,  have  drawn 
attention  to  symptoms  that  would  otherwise  have  gone  unnoticed.  Overall,  it  is  to  be 
expectad  that  tha  ratrospective  surveys  (Form  B  questionnaires)  should  revenl  a  lower 
Incidence  of  symptoms  than  the  A  Form  questionnalraa.  In  general  this  Is  so.  The 

safest  course  is,  probably,  to  regard  tha  two  sets  of  results  as  representing  upper  and 
lower  bounds  on  an  estimate  of  the  incidence  of  symptoms  to  be  expected  in  similar 
slmulato..s.  To  the  extent  that  the  Marton  simulator  was  us^d  purely  for  air  combat 
training,  whereas  the  Farnborough  simulator  was  used  for  reaearch  purposes,  the  data 
from  Narton  are  a  better  guide  tu  what  should  be  expected  from  future  use  of  training 
air  combat  simulators  in  the  RA!  . 

The  effect  of  untoward  symptoms  on  the  respondents'  willingness  to  use  the  simulator 
(Table  6)  was  generally  slight  and  only  in  a  few  instances  negative.  In  view  of  the 
nature  of  the  question  (it  was  directed  only  at  those  who  had  suffered  unpleasant 
symptoms),  it  is  surprising  that  tha  balance  of  responses  favoured  an  increased 
willingness  to  use  the  simulator.  An  explanation  was  evident  in  additional  comments. 
These  indicated  that  many  respondents  thought  tha  simulators  provided  valuable  training 
in  important  skills,  and  were  fun  to  fly;  the  positive  aspects  outweighed  the  negative. 

Immediate  aymptouiai 

A  clear  difference  between  the  Farnborough  and  Warton  respondents  is  evident  in  Table 
2.  Pilots  flying  the  Farnborough  simulator  reported  physical  and  mental  fatigue  far  more 
frequently  than  those  flying  the  Harton  simulator.  The  most  likely  explanation  for  this 
difference  lies  in  the  different  purposes  for  which  the  pilots  used  the  simulators!  At 
Harton  students  received  instruction  in  air  combat  often  in  short  (10  minutes) 
sessions.  At  Farnborough  pilots  participated  in  experimental  trials.  The  necessity  for 
repeated  and  extensive  measurement  in  equipment  evaluation  inevitably  favours  rather 
more  arduous  working  conditions  for  the  pilots.  In  addition,  in  some  of  the  trials, 
pilots  reported  physical  fatigue  and  difficulty  with  fine  movements  due  to  heavy  stick 
forces.  The  different  regimes  at  tha  two  sites  are  reflected  in  Figure  1.  Host  of  the 
Farnborough  respondents  had  between  two  and  six  hours  in  the  simulator  in  a  single  day. 
Very  few  of  those  attending  the  Harton  simulator  achieved  more  than  two  hours  simulator 
time  in  one  dayi  in  general  they  spent  two  to  four  days  at  the  site  and  only  a  small 
proportion  exceeded  six  hours  in  the  simulator  in  that  time. 

Leaving  fatigue  aside,  there  is  some  evidence  of  disequilibrium  induced  in  both 
simulators,  the  main  symptoms  being  false  perception  of  attitude  at  Farnborough  and 
false  perception  of  attitude  and  unsteadiness  at  Harton  (Table  2).  However,  the 
qualifying  comments  supplied  by  some  respondents  indicate  that  caution  is  required  in 
interpreting  these  results.  Symptoms  such  as  confusion,  headache  and  visual  problems 
were  often  associated  with  comments  about  poor  contrast  or  focus  of  the  visual  system  or 
head-up  display  inadequacies.  Some  of  the  reports  of  Jlssiness,  unsteadiness  and  false 
perception  of  attitude  may  have  resulted  from  passive  observation  of  the  visual  system. 
Some  symptoms  were  reported  as  being  only  mild  or  short-lived,  or  as  due  to 
over-indulgence  in  alcohol  or  highly  spiced  food.  Some  were  ascribed  to  the  realism  of 
the  simulation,  ie  the  respondents  felt  that  they  would  have  had  similar  experiences  in 
the  air,  and  a  few  resulted  from  system  resets.  Although  a  small  proportion  of 
respondents  reported  three  or  more  symptoms  (Figure  2),  none  appears  to  have  been 
incapacitated  or  seriously  discomforted  by  bis  experiences. 

Bearing  in  mind  the  differences  between  the  Farnborough  and  Harton  results,  it  seems 
likely  that  most  untoward  symptoms  in  air  combat  simulators  could  be  avoided  by 
restricting  the  duration  of  training  sessions  to  short  periods  and  by  avoiding  certain 
provocative  conditions.  For  example  the  visual  system  and  head-up  display  should  be 
carefully  maintained  in  focus;  resetting  the  simulator  with  the  visual  system 
illuminated  should  be  not  be  permitted,  intensive  repetition  of  training  sessions  ovar 
several  days  should  be  avoided.  Inspection  of  Figure  4  suggest'  that  if  a  maximum 
permitted  exposure  of  one  hour  per  day  is  observed  over  periods  of  one  to  three  days, 
then  at  least  half  tha  pilots  should  experience  no  noticeable  symptoms  at  all.  Taking 
into  account  the  numbers  reporting  fatigue  or  symptoms  ascribable  to  other  factors,  the 
proportion  experiencing  symptoms  unequivocally  of  disequilibrium  should  be  small. 

Delayed  symptoms! 

The  results  from  the  retrospective  surveys  indicate  a  vary  low  incidence  of  delayed 
symptoms  (Table  3);  this  is  probably  a  fair  indication  of  the  salience  of  the  symptoms 
as  experienced  by  the  respondents.  The  concurrent  (Form  A)  results  are  less  reassuring, 
though  the  small  numbers  involved  should  be  borne  in  mind.  Physical  fatigue  (mainly 
ascribed  to  long  sorties  and  high  stick  forces)  was  reported  by  12%  of  the  Farnborough 


6-10 


Fora  A  raapondanti.  Four  reapondanta  (16t)  alao  coaplainad  of  aplnning  aanaatlona)  all 
four  aaaociatad  tha  ayapton  with  cloalng  tha  ayaa  on  going  to  bM.  Ona  found  hia  alaap 
diaturbad  (and  cancallad  hia  firat  flight  tha  naat  day);  ona  raportad  only  aild 
aanaationa;  ona  raportad  puraly  viaual  iaagaa  of  turning;  and  two  thought  that  thinking 
about  tha  quaationnalra  or  tha  aimulator  rida  had  provokad  tha  axparianca. 

Six  Narton  Form  A  raapondanta  (40%)  raportad  dalayad  dittinaaa  (Tabla  3).  Thraa  of  tha 
tlx  (20%  of  tha  saapla)  also  raportad  unataadlnass.  One  described  his  syaptoas  as 
"alnor  in  nature*  although  they  lasted  for  six  hours.  Thraa  Indicatad  that  the 
dissineas  lasted  only  a  few  minutes  liaaadiately  after  leaving  the  simulator. 
Interestingly,  three  of  tha  six  ware  among  those  who  raportad  axperianclng  symptoms 
while  standing  in  the  simulator  dome. 

Paw  respondents  flaw  an  aircraft  after  the  simulator  (Tabla  4).  The  two  who  reported 
"symptoms*  were  actually  commenting  on  a  difference  in  hoad-up  display  presentation 
batwaan  the  simulator  and  their  aircraft.  A  total  of  nine  respondents  reported 
axperianclng  symptoms  while  driving  a  car  after  tha  simulator  flight  (about  S%  of  thoaa 
who  drove).  The  majority  of  these  reports  concerned  fatigue.  Two  concarnad  detachment 
from  reality,  two  disequilibrium,  and  ona  vivid  visual  images. 

If,  as  suggeatad  above,  simulator  air  combat  training  is  conducted  in  short  sessions 
totalling  not  more  than  an  hour  a  day,  than  tha  risk  of  delayed  symptoms  would  probably 
be  around  10%  (taking  Figure  5  as  a  guide).  Allowing  a  night's  sleep  before 
racommencing  flying  duties  should  reduce  residual  risks  to  negligible  proportions. 
Although  it  should  be  expected  that  the  majority  of  delayed  symptoms  experienced  under 
such  a  regime  would  bo  tolerable,  being  very  short-lived  or  mild  or  occurring  only  on 
going  to  sleep,  the  possibility  of  a  small  number  of  pilots  suffering  more  severe 
disturbance  should  be  recognised,  and  allowed  for.  In  view  of  tha  fact  that  several  of 
thoaa  reporting  delayed  symptoms  of  disxiness,  spinning  sensations  etc  also  reported 
experiencing  symptoms  while  standing  in  the  simulator  dome,  it  would  probably  be  wise  to 
include  time  spent  in  such  passive  observation  of  the  visual  system  in  the  one  hour  per 
day  exposure  limit. 

Comparison  with  previous  studies; 

The  incidences  of  symptoms  experienced  in  the  simulator  found  in  this  survey  seem 
comparable  with  the  rather  broad  range  reported  in  previous  studies.  However,  when  the 
respondents'  qualifying  comments  are  taken  into  account,  the  overall  impression  is  that 
disequilibrium  may  be  rather  leas  of  a  problem  in  these  simulators  than  elsewhere.  The 
low  incidence  of  serious  delayed  symptoms  supports  this  view.  There  are  two  main 
reasons  why  a  difference  might  be  expected.  The  exposure  borne  by  the  Narton 
respondents  was  considerably  less  Intense  than  that  suffered  by, '  for  example,  the  air 
combat  pilots  in  the  study  by  Rallog  et  al  (2);  to  a  large  extent  it  would  meet  the 
guidelines  suggested  by  Kennedy  et  al  (4).  Both  the  simulators  in  this  survey  were 
primarily  research  devices.  This  fact  could  have  implications  for  the  standard  and 
amount  of  maintenance  effort  devoted  to  them  in  comparison  with  training  simulators.  As 
a  result,  there  may  be  less  scope  for  the  minor  misadjustments  or  drifting  out  of 
specification  that  can  make  the  simulator  feel  unlike  the  aeroplane  to  an  experienced 
pilot. 

Although  the  data  reported  here  give  leas  cause  for  alarm  than  some  previous  studies, 
they  do,  nevertheless,  provide  support  for  many  of  the  guidelines  suggested  by  Kennedy 
et  al  (4).  Specific  modifications  of  current  practice  that  seem  to  be  justified  are; 

1.  Avoidance  or  restriction  of  passive  observation  of  the  visual  system  by  air  combat 
pilots  using  the  Narton  simulator. 

2.  Finding  some  means  of  ameliorating  the  lot  of  pilots  taking  part  in  experimental 
trials  at  Farnborough. 
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DISCUSSION 

EIiLISt  You  mentioned  false  perception  of  attitude  as  a  symptom.  Could  you  elaborate 
on  bhat?  Are  there  any  patterns  to  the  errors  In  attitude  perception? 

CHAPPELOWi  I'm  afraid  I  can't.  This  was  essentially  a  checklist  and  all  we  have  Is 
checks  In  boxes.  I  think  the  false  perception  of  attitude  reported  as  a  delayed  symptom 
may  well  have  arisen  when  people  stopped  the  simulator  with  a  large  angle  of  roll  or 
pitch  and  then  tried  to  step  out.  Some  people  did  elaborate  slightly.  They  had  diffi¬ 
culty  appreciating  what  their  attitude  was  near  the  vertical. 

ELLIS  I  If  I  might  just  follow  up  -  the  false  perception  of  attitude  refers  tc  an  experi¬ 
ence  upon  just  leaving  the  simulator? 

CHAPPELOWi  Not  necessarily.  It  could  be  a  false  perception  while  still  in  the  slmula- 
tor  or  while  engaged  In  flying,  so  there  were  two  separate  Issues  -  whether  It  was  ex¬ 
perienced  In  the  simulator  or  was  a  delayed  symptom. 

DOPPELT ;  Could  you  please  describe  what  the  scenarios  were  that  were  used  in  the  two 
simulators  1  that  Is,  how  they  differed  technically.  Intensity  of  training  and  so  forth, 
and  secondly,  was  there  a  difference  In  the  simulators  In  terms  of  the  visual  and  control 
response  characteristics? 

CHAPPELON:  To  some  extent  I  can  answer  your  question.  At  War ton,  subjects  were  engaged 
In ,  to  a  large  extent,  basic  air  combat  training.  Most  of  them  were  pilots  undergoing 
advanced  flying  training.  As  I  said,  most  of  them  got  short  bursts  of  about  10  minutes, 
adding  up  to  about  an  hour  a  day  In  basic  instruction.  At  Farnborough,  there  was  a 
variety  of  trials;  not  all  of  them  really  Involve  much  maneuvering  risk,  but  flying  In 
air  combat  training.  Some  of  them  were  air-to-ground,  some  of  them  were  tests  of  helmet- 
mounted  sights  or  Infrared  devices,  so  there  was  a  wide  variety.  Low-risk  maneuvers  are 
certainly  not  as  provocative  as  air  combat.  The  simulators,  while  of  the  same  basic 
design,  were  different  In  terms  of  control  characteristics  according  to  which  aircraft 
they  were  simulating,  and  were  different,  I  think.  In  terms  of  the  visual  dlcplays  used. 
At  Warton  there  Is  a  computer-generated  background  earth  display  which  is  "flat  fields" 
with  a  superimposed  aircraft  model.  Farnborough  had  a  variety  of  devices.  Including 
models  which  a  computer  manipulates. 
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SUMMARY 

Aa  tachnoloey  has  been  developed  to  provide  Improved  visual  and  motion  systems  In 
operational  flight  trainers  and  weapons  tactics  trainers,  there  have  been  Increasing 
reports  of  the  occurrence  of  simulator  alckneaa.  Simulator  sickness  here  refers  to  one 
or  more  symptoms  which  can  occur  while  In  a  simulator.  Immediately  postexpoaure ,  or  at 
some  later  time  following  exposure.  Flight  Instructors  have  complained  these  symptoms 
interfere  with  simulator  usage.  Some  pilots  have  reported  while  driving  following 
postexpoaure,  they  have  had  to  pull  off  the  road  and  wait  for  symptoms  to  subside. 
Instructor-operators  have  reported  experiencing  "the  room  spinning"  when  they  went  to 
bed.  More  critical  la  the  potential  for  In- flight  problems  due  to  prolonged  physio¬ 
logical  effects.  As  a  result,  flight  activities  after  simulator  flight  have  been 
limited  In  some  commands. 

The  U.S.  Army  Aeromedlcal  Research  Laboratory  at  Fort  Rucker,  Alabama,  and  the 
Naval  Training  Systems  Center  at  Orlando,  Florida,  have  conducted  field  surveys  to 
doctnent  the  extant  of  the  simulator  sickness  problems  at  operational  fixed-  and 
rotary-wing  simulator  sites.  Data  are  pooled  from  10  different  Navy  flight  simulators 
and  the  Army's  AH-64  flight  simulator.  The  total  number  of  surveys  Is  approximately 
1500,  with  the  number  of  subjects  In  each  simulator  type  ranging  from  28  to  280.  The 
simulator  sickness  Incidence  rates  and  the  relative  frequency  of  specific  symptoms  are 
presented  and  correlational  factors  such  as  flight  experience,  simulator  experience, 
and  flight  mode  also  are  presented.  Difficulties  In  assessing  the  duration  of  simula¬ 
tor  sickness  affects  sre  noted,  and  attempts  are  made  to  present  the  symptom  duration 
for  the  Army's  AH-04  combat  mission  simulator  (CMSl .  Unique  to  this  CMS  Is  Its  use  of 
the  helmet  display  unit  (HDU)  In  conjunction  with  the  other  visuals  In  the  simulator. 

The  combined  Army  and  Navy  simulator  sickness  database  Is  an  ongoing  attempt  to 
relate  symptoms  to  specific  equipment  features,  simulator  Instructional  techniques, 
training  procedures,  and  trainee  characteristics.  The  study  reinforces  the  need  for 
continued  research  related  to  system  design,  training  methods,  and  crew  rest  guidelines 
between  simulator  and  actual  flight. 


INTRODUCTION 


Training,  the  military's  primary  mission  during  peacetime,  creates  large  and  con¬ 
tinuing  demands  on  the  financial  resources  allocated  to  the  Department  of  Defense.  For 
example.  It  costs  about  $3.6  billion  per  year  for  fuel  and  supplies  to  operate  military 
aircraft  In  the  United  States.  Much  of  this  military  flying  Is  conducted  for  training 
purposes.  However,  flight  simulators  can  be  operated  at  5  to  20  percent  of  the  cost  of 
comparable  aircraft  (Orlansky  and  String,  1979).  Generally,  pilots  trained  In  simula¬ 
tors  can  acquire  necessary  skills  with  fewer  flight  hours  than  those  pilots  who  are  not 
training  In  simulators. 

Advancing  engineering  technologies  permit  a  range  of  capabilities  to  simulate  the 
real  world  through  very  compelling  kinematics  and  computer-generated  visual  scenes. 
Aviators  demand  realistic  simulators.  However,  this  synthetic  environment  can,  on 
occasion,  be  so  compelling  Chat  conflict  Is  established  between  visual  and  vestibular 
Information  specifying  orientation  (Kennedy,  1975;  Oman,  1980;  Reason  and  Brand,  1975). 
It  has  been  hypothesised  chat  In  simulators,  this  discrepancy  occasions  discomfort  snd 
the  cue  conflict  theory  has  been  offered  as  a  wuiklng  model  for  the  phenomenon  labeled 
"simulator  sickness"  (Kennedy,  Berbaum,  and  Frank,  1984).  In  brief,  the  model  postu¬ 
lates  the  referencing  of  motion  Information  signaled  by  the  ret.na,  vestibular  appara¬ 
tus,  or  sources  of  somatosensory  information  to  "-ixpected"  values  based  on  a  neural 
store  which  reflects  past  experience.  A  conflict  between  expected  and  experienced 
flight  dynamics  of  sufficient  magnitude  can  exceed  a  pilot's  ability  to  adapt.  Inducing 
In  some  cases  simulator  sickness. 

The  nature  of  simulator  sickness 


Simulator  sickness  Is  considered  to  be  a  form  of  motion  sickness.  Motion  sickness 
Is  a  general  term  for  the  constellation  of  symptoms  which  result  from  exposure  to 
motion  or  certain  aspects  of  a  moving  environment  (Casall,  1986) ,  although  changing 
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visual  aotlona  (Craapton  and  Young,  1953;  Talxalra  and  Lncknar,  1979)  aav  Induca  tha 
aalady.  Pathogaonlc  atgna  ara  voaltlng  and  ratehln^  ovart  atgna  ara  pallor,  awaatlng, 
and  aallvaeton;  syapeoaa  ara  drowalnaaa  and  nauaaa  ^annady  and  Frank,  198$).  Poatural 
changaa  occur  during  and  after  axpoaura.  Other  algna  (cf . ,  Colahour  and  Grayblal, 

1966;  McClura  and  Fragly,  1972;  Monay,  1970;  Starn,  Roeh,  Stawart,  and  Llndblad,  1987) 
Include  changes  In  cardiovascular,  respiratory,  gastrointestinal,  hloaadlcal,  and 
teaperature  regulation  functions.  Other  syaptoas  Include  general  dlscoafort,  apathy, 
dejection,  headache,  atoaach  awareness,  dlaorlantatlon,  lack  of  appetite,  desire  for 
fresh  air,  waaknaas,  fatigue,  confusion,  and  Incapacitation.  Other  hahavloral 
aanlfaatatlons  Influencing  operational  efficiency  Include  carelessness  and  Incoordina¬ 
tion,  particularly  In  annual  control.  Differences  hatwaen  the  syaptoas  of  slaulator 
sickness  and  aora  coaaon  foras  of  action  sickness  are  chat  In  slaulator  sickness  visual 
syaptoas  tend  to  predoalnaCa  and  voaltlng  la  rare. 

Previous  slaulator  sickness  research 

The  studies  by  Havron  and  Butler  (1957)  and  Miller  and  Goodaon  (1958)  appear  to  be 
the  first  published  reports  of  slaulator  sickness.  They  found  a  aubaCanClal  Incidence 
of  syaptoas  aaong  users  of  the  Havy's  2-FH-2  helicopter  slaulator.  (Instructor  pilots 
wars  found  Co  ha  aora  susceptible  Chan  students.)  One  of  the  first  aCteapts  to  docu- 
aent  the  problaa  In  the  Air  Force  was  reported  by  Kellogg,  CasCore,  and  Coward  (1980). 
They  surveyed  48  pilots  using  Che  Air  Force  slaulator  for  alr-to-air  coabaC  (SAAC)  and 
found  a  aajorlty  (88  percent)  had  experienced  aoae  s^pCoas  of  slaulator  sickness 
(prlaarlly  nausea)  during  SAAC  training.  Of  particular  Interest  were  the  F-4  pilots 
who  reported  delayed  perceptual  afCeraffecCs  Including  sensations  of  cliablng  and 
turning  while  watching  TV,  or  they  experienced  an  180-degrea  Inversion  of  the  visual 
flald  while  lying  down.  The  Air  Force  authors  suggested  "the  users  of  such  (wide 
field- of- view)  slaulators  should  be  aware  that  soae  adjustment  nay  be  required  by 
pilots  when  stepping  back  Into  tha  real  world  from  the  computer-generated  world  ..." 

U.S.  Havy  studies 

An  Investigation  of  simulator  sickness  In  the  Navy's  2E6  air  combat  maneuvering 
simulator  (ACMS)  found  that  27  percent  of  Che  aircrews  using  Che  ACMS  reported  varying 
degrees  of  aympcoms  (McGulnneas ,  Bouwman,  and  Forbes,  1981).  The  more  experienced  air¬ 
crews  (over  1500  flight  hours)  had  a  higher  incidence  of  symptoms  Chan  the  leas  experi¬ 
enced  flight  crews.  Dlsslness  was  the  most  frequent  symptom,  followed  by  vertigo, 
disorientation,  "leans,"  and  nausea.  The  incidence  of  symptomatology  was  greater  In 
pilots  than  In  radar  Intercept  officers  (klOs) .  The  authors  suggested  one  reason  for 
Che  reduced  levels  of  simulator  sickness  found  In  the  2E6  pilots,  relative  to  the  Air 
Force  SAAC,  may  have  bean  Che  leas  Intensive  schedule  of  simulator  time.  Exposure 
duration  and  frequency  appear  Co  be  potentially  important  variables,  as  hat  been  found 
In  other  environments  thst  produce  motion  sickness  (McCauley  and  Kennedy,  1976). 

Frank  (1981)  has  reported  almost  1  out  of  every  10  Individuals  using  the  2F112 
simulator  (F-14)  experienced  symptoms  of  simulator  sickness,  and  that  close  Co  48 
percent  of  Che  21  aircrews  sampled  using  Che  2F110  simulator  (E-2C)  reported  sympComs. 
Crosby  and  Kennedy  (1982)  have  documented  cases  of  slaulator  sickness  In  Che  2F87F 
(P-3C) ,  particularly  at  the  flight  engineer's  position.  There  also  have  been  reported 
occurrences  In  the  2F117A  simulator  (CH-46E)  (Frank  and  Crosby,  1982). 

For  the  past  5  years,  the  U.S.  Navy  has  conducted  a  systematic  program  of  research 
on  simulator  sickness.  This  program  was  Initiated  to  (1)  provide  problem  definition 
using  field  survey  data  (Crosby  and  Kennedy,  1982;  Kennedy,  Dutton,  Rlcard,  and  Frank, 
1984;  Kennedy,  Llllenthal,  Dutton,  and  Ktcard,  1984;  Kennedy,  Merkle,  and  Llllenthal, 
1985),  (2)  conduct  a  review  of  Che  literature  (Casall,  1986;  Casall  and  Wlerwllle, 
1986a,  b;  Kennedy  and  Frank,  1986),  and  (3)  convene  two  workshops  (McCauley,  1984; 
Kennedy,  Berbaum,  Dunlap,  Llllenthal,  and  Hettinger,  1987,  In  preparation). 

Subsequently,  a  conference  of  experts  (Kennedy,  Berbaum,  Llllenthal,  Dunlap, 
Mulligan,  and  Funaro,  1987),  and  a  more  comprehensive  analysis  of  field  data  (Kennedy, 
Merkle,  and  Llllenthal,  1985;  Llllenthal  and  Merkle,  1986;  Kennedy,  Llllenthal, 

Berbaum,  BalCtley,  and  McCauley,  1987,  In  preparation;  Lane,  Kennedy,  and  Llllenthal, 
1987,  In  preparation)  resulted  In  the  development  of  a  field  manual  and  guidelines  for 
the  alleviation  of  simulator  sickness  (Kennedy,  Berbaum,  Llllenthal,  Dunlap,  Mulligan, 
and  Funaro,  1987).  These  documents  were  issued  as  an  Interim  measure  until  experi¬ 
mental  work  could  be  conducted  Co  Identify  and  measure  Che  extent  to  which  specific 
simulator  equipment  features  promote  simulator  sickness.  Some  experimental  studies 
have  been  conducted.  Ullano,  Kennedy,  and  Lambert  (1986)  conducted  a  study  at  the 
Navy's  visual  technology  research  simulator  (VTRS)  In  Orlando  In  which  helicopter 
pilots  flew  simulated  air  taxi  and  slalom  maneuvers  In  the  vertical  takeoff  and  landing 
(VTOL)  simulator.  The  results  Indicated  the  occurrence  of  symptoms  was  most  prevalent 
In  the  first  of  three  sessions  (conducted  on  separate  day-0 ,  dropping  off  dramatically 
following  the  initial  exposure.  These  experimental  studies  are  continuing  at  VTRS, 
with  physiological  measures  of  sickness  and  relationships  to  vectlon  (Hettinger,  Nolan, 
Kennedy,  Berbaum,  Schnltslus,  and  Edlnger,  1987)  as  the  main  emphasis. 

The  U.S.  Navy  also  has  conducted  a  survey  In  10  flight  trainers  where  motion 
sickness  e:cperlence  questionnaires  and  performance  tests  were  administered  to  pilots 
before  and  after  some  1200  separate  exposures.  From  these  measures  on  pilots,  several 
findings  emerged:  (a)  specific  histories  of  motion  sickness  were  predictive  of  simula¬ 
tor  sickness  symptomatology;  (b)  postural  equilibrium  was  degraded  after  flights  In 
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ao««  ataulaCora;  (c)  a*lf-r«porta  of  aotlon  alckneaa  ayaptoaiatology  ravealad  thrae 
B*J  or  ayaptoa  ciuatara:  gaatrolntoaclnal ,  vlaual,  and  vaatlbular;  (d)  cartaln  pilot 
arpariancaa  In  alnulatora  and  aircraft  wera  ralatad  to  aavarlty  of.  aynptoma  experl* 
ancad;  (a)  alaulator  alcknaaa  Incldenr.e  varied  from  10  to  60  percent;  (f)  aubatantlal 
parcaptuai  adaptation  occura  over  a  aerlaa  of  fllehta  and  (g)  tba'a  wax  alnoat  no 
voaltlng  or  retching,  but  aone  eavara  nauaea  and  drowalnaaa. 

In  addition,  a  recant  atudy  exaalnad  the  af facta  on  alcknaaa  ratea  of  differing 
energy  apactra  In  aovlng  baaa  alaulatora  (Allgood,  Kennady,  Van  Hoy,  Llllanthal,  and 
Hooper,  1987).  The  raaulta  ahowad  the  Incidence  of  alckneaa  waa  greater  In  a  aliaulator 
with  energy  apectra  In  the  region  daacrlbed  aa  nauaaogenlc  by  the  1981  Military  Stan¬ 
dard  1A72C  (HILSTD-1A72C)  and  high  alcknaaa  ratea  warn  axparlanced  aa  a  function  of 
tine  exceeding  thaaa  very  low  frequency  (VLF)  llalta.  Therefore,  the  U.S.  Havy  haa 
recoamndad,  for  any  aovlng-baae  alaulator  which  la  reported  to  have  high  Incldencea  of 
alcknaaa,  frequency  tlaea  acceleration  racordlnga  of  pllot/alaulator  Intaraetlona 
ahottld  bo  aade  and  coapared  with  VLF  guidelines  froa  MtLSTD-1472C.  However,  In  thoae 
caaes  where  lllnesa  haa  occurred  In  a  fixed-base  alaulator,  other  explanations  and 
flxea  are  being  sought. 

The  Havy  has  recoaoended  when  simulator  sickness  symptoms.  Including  lilaequlllb- 
rlua  are  of  sufficient  magnitude,  such  Individuals  sMy  be  considered  to  be  at  risk  to 
themselves  and  to  others  If  they  drive  thanaelvea  hone  or  return  to  demanding  work 
artlvltlaa.  While  simulator  exposure  In  general  did  not  produce  gross  changes  In  a 
parson's  cognitive  or  simple  motor  abilities,  some  simulators  induced  unsteadiness 
afterwards.  The  Havy  has  recommended  pilots  should  he  Indoctrinated  early  to  Identify 
whatever  postural  and  ayapton  changas  are  occasioned  by  their  simulator  axpoauraa  and 
those  pilots  exhibiting  Identifiable  unsteadiness  and  severe  symptoms  should  remain  In 
the  alaulator  building  until  ayaptoma  dissipate  and  perhaps  restrict  their  flying  for  1 
dcy. 

These  data  suggest  areas  of  future  research.  The  results  of  the  Havy  survey  have 
been  used  to  provide  suggestions  and  criteria  for  future  simulator  design,  and  recom- 
mandatlona  are  offered  tor  simulator  usage  regimen.  Incidence  of  simulator  distress 
for  the  separate  Indicants  (nauaea,  dltslneas,  eye  strain,  ataxia)  were  Indexed  by 
simulator  and  equipment  configuration.  This  approach  appears  to  hold  promise  to  diag¬ 
nose  the  problem  (e.g.  alignment.  Inertial  motion  profile,  cue  asynchrony)  since  dif¬ 
ferent  ayapton  clusters  may  follow  from  different  equipment  features.  Methodological 
conalderatlona  of  surveys  into  simulator  sickness  (e.a. .  statistical  power,  effects  of 
adaptation.  Individual  differences,  etc.)  also  are  under  Investigation. 

U.S.  Coast  Guard  study 

Ungs  (1987)  evaluated  simulator  sickness  In  four  simulators.  Three  were  rotary- 
wing  aircraft  and  one  was  a  flxed-wLng  aircraft.  Two  of  the  simulators  had  computer- 
generated  laagery.  Only  4.3  percent  of  the  pilots  reported  the  occurrence  of  delayed 
alaulator  sickness;  the  Interval  between  simulator  flights  and  recurrence  ranged  froa 
1  day  to  several  weeks.  Synptoaa  ranged  froa  disorientation  and  dlsslnesa  to  visual 
flashbacks.  Illusions,  or  distortions. 

U.S.  Army's  Involvaaent  with  simulator  sickness 

Prior  to  the  actual  fielding  of  the  newest  rotary-wing  simulator,  the  AH-64  Apache 
combat  mission  simulator  (CHS),  at  U.S.  Army  Installations,  trslnlng  of  Apsche  pilots 
was  conducted  at  the  Singer  Link  facility  In  Binghamton,  Hew  York.  At  this  time,  anec¬ 
dotal  Information  Indicated  some  of  the  pilots  and  Instructor  operators  (10)  were 
experiencing  symptoms  of  simulator  sickness  resembling  those  reported  In  U.S.  Nsvy  snd 
U.S.  Coast  Guard  systems.  The  training  flights  were  2  hours  in  duration  and  moat  of 
the  students  completed  the  course  of  Instruction  In  a  week's  time.  This  Included  15 
hours  of  Instruction  alternating  between  the  pilot  and  copilot-gunner  stations. 
Instructor  operators  were  complaining  of  the  onset  of  a  "spinning  room"  sensation  while 
lying  In  bed  by  the  middle  of  a  training  week,  indeed,  some  students  took  Dramamlne  to 
alleviate  the  effects  of  their  symptoms.  In  Hay  1986,  documentation  of  the  problem 
reached  the  U.S.  Amy  Aeromedleal  Research  Laboratory  (USAARL)  at  Fort  Rucker,  Alabama. 
In  July  1986,  tha  Aviation  Training  Brigade  at  Fort  Rucker  formed  a  study  group  to 
examine  the  Apache  training  program.  One  of  the  Issues  was  that  of  simulator  sickness. 

A  brief  survey  of  existing  records  and  a  literature  search  ware  conducted  In 
August  1986.  Training  records  of  115  students  from  the  CMS  shoved  that  7  percent  of 
the  students  had  sufficient  symptoms  to  warrant  a  comment  on  their  grade  slips.  While 
this  incidence  Is  low  compared  with  Havy  simulator  sites  (Kennedy,  Llllenthal,  Berbaum, 
Baltsley,  and  McCauley,  1987,  In  preparation),  rates  were  derlvnd  from  training  records 
not  designed  to  document  simulator  sickness,  recording  only  those  caaes  severe  enough 
to  Interfere  with  training  or  to  cancel  a  flight.  The  Havy  has  reported  an  Incidence 
rate  of  12  to  60  percent  froa  the  same  simulator  (Kennady,  Frank,  McCauley,  Bittner, 
Root,  and  Sinks,  1984),  depending  on  whether  the  date  were  collected  by  the  squadron, 
the  squadron  flight  surgeon,  or  y  an  Independent  source  with  guarantee  of  anonymity. 
Comparatively,  the  7  percent  Incidence  rate  appeared  to  underestimate  the  magnitude  of 
the  Army' s  problem.  The  literature  search  led  USAARL  Investigators  to  visit  the  Haval 
Training  Systems  Center  (HTSC)  in  Orlando,  Florida.  From  that  association  has  grown  a 
working  relationship  geared  to  capitalise  on  lessons  learned  from  past  research  and 
expand  the  database  of  simulator  sickness  studies.  As  part  of  that  search.  It  also  waa 
discovered  that  an  Independent  survey  in  Europe  by  a  U.S.  Amy  flight  surgeon  had 
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•■ployed  th*  NTSC  ■•thodologiea  to  aurvoy  the  Inctdenca  of  alaulator  itekneaa  In  cha 
AH*1  Cobra  flight  waapona  alaulator  (Crowlay,  1987) • 

In  tha  report  to  the  Aray  atudy  group.  It  waa  raeoaaandad  a  problaa  daflnltlon 
atudy  ba  conducted  to  aacartatn  aore  accurataly  tha  acopa  and  nature  of  tha  problaa  of 
alaulator  alcknaaa  In  tha  On.  Tha  roquaat  for  that  atudy  waa  received  In  February 
1987.  Tha  protocol  for  the  atudy  was  approved  by  tha  USAARL  Scientific  Ravlaw  Coaalt- 
taa  on  A  Hay  1987,  and  data  collection  began  on  8  May  1987.  Thla  report  docuaenta  tha 
raaulta  of  that  atudy. 

MKTW0B8 

Paacrlptlon  of  tha  Amy  ayataa 

Tha  newaat  generation  of  U.S.  Arav  attack  hallcoptara  la  tha  AH-64  advanced  attack 
hallcoptar,  coaaonly  known  ai  tha  Apache.  Thla  atcack  helicopter  la  tha  raplaceaant 
for  tha  AN'l  attack  hallcoptar,  known  aa  the  Cobra.  Tha  Apache  helicopter  provldaa  tha 
coaaandar  with  a  aaana  of  rapidly  concentrating  antitank  and  auppreaalve  firepower  on 
targata  during  all  anvlronaantal  condltlona:  day,  night,  and  advaraa  weather. 

Tha  Apache,  built  by  HcDonnall  Douglaa  Helicopter  Coapany,  la  a  twln-anglna,  four- 
bladad  attack  hallcoptar  onaratad  by  a  tandaa-aeated  craw  of  two  (Figure  1).  Planned 
operatlona  arc  below  15,000  ft,  and  ganarally  at  tree-top  level.  The  rear  teat  la 
occupied  by  the  pilot  who  la  raaponatbla  for  flying  the  aircraft.  Tha  front  aeat  la 
occupied  by  the  eopllot-gunnar  (CPC)  who  la  raaponalbla  for  detecting,  engaging,  and 
daatroylng  anaay  targata.  Both  atatlona  have  controla  for  flying  the  aircraft  and 
Inatruaentatlon  for  flying  In  Inatruaent  aeteorologlcal  condltlona  (INC) .  However,  tha 
CFG  often  will  fly  tha  entire  flight  and  never  touch  the  controla.  In  aenaral,  the  CFG 
will  apand  tha  aajorlty  (aora  than  80  percent)  of  hla  tine  looking  at  the  video  display 
unit  (VDU)  or  through  hla  halaat  uounted  dlaplay  unit  (HDU)  for  target  acqutaltlon, 
daalgnatlon,  and  angageaent.  Tha  raaalndar  of  tha  tine  la  apant  prograaalng  hla  navi¬ 
gation  and  weapona  ayataaa'  coaputara  In  the  cockpit.  On  the  other  hand,  the  pilot* a 
taak  la  to  guide  tha  aircraft' a  Hlght  path  and  aost  of  hla  tlau  la  apent  controlling 
tha  aircraft  and  looking  outalde  the  cockpit  Inapectlng  for  obataclea  and  eneny  air¬ 
craft. 

Araaaant  for  tha  Apache  la  of  three  typea  (Figure  2) .  The  prlaary  weapon  on  the 
Apache  la  the  Hellflre  antitank  alaalla,  a  laaar-gulded  alaalle  capable  of  defeating 
all  currently  known  araorad  vehicles  at  a  algnlfleant  atandeff  range.  The  30  ma  chain 
■un  autoaatle  cannon  la  Che  prlaary  area  weapon  subsystea,  providing  suppressive 
firepower  and  the  capability  to  destroy  lightly  araored  vehicles.  Another  option  is 
Che  70  ■■  folding  fin  aerial  rockets  which  have  been  a  standard  U.S.  Amy  and  NATO 
aunlclon  for  aany  years. 

Tha  pilot  night  vision  sensor  (PNVS)  developed  by  tha  Martin  Marietta  Orlando 
Aeroapaca  Corporation  enables  pilots  to  fly  at  night  and  In  periods  of  reduced  visibil¬ 
ity.  Coupled  with  this  systea  la  Che  target  acquisition  and  designation  sight  (TAOS) 
which  coahlnaa  hlgh-power  direct  view  optica,  a  forward  looking  Infrared  (F1.IR)  sensor 
for  night  operations,  and  a  hlgh-raaolutlon  day  TV  system  with  a  laser  designator  and  a 
laser  spot  tracker.  Tha  PNVS  FLIR  sensor  provides  real-time  imagery  of  tha  terrain  for 
nap- of- the- earth  (NOE)  flight  and  penetration  of  obscurants  such  as  rain,  fog,  dust, 
and  aaoke.  Sensors  for  these  systems  are  located  on  the  nose  of  the  aircraft  In  a 
rotating  turret  which  la  slaved  to  Che  pilot's  and  copilot's  head  movements. 

The  TAOS  la  operated  hy  the  CFG;  however,  both  pilots  nay  view  the  video.  Nor¬ 
mally,  Che  FtWS  la  operated  by  the  pilot,  but  It  also  can  be  used  as  a  backup  for  the 
CFG  as  wall.  Tha  wide  fleld-of-vlaw  of  the  TADS  FlIR  optics  also  la  used  as  a  backup 
for  the  FNVS.  The  pilots  view  Che  Imagery  produced  by  these  systems  In  one  of  two 
ways.  The  first  la  by  selecting  the  desired  system  and  viewing  It  on  the  video  display 
unit  (VDU)  mounted  on  Che  Instrument  panel  of  the  pilot's  console  or  through  the  dis¬ 
plays  of  tha  optical  relay  tube  assembly  (ORT)  and  Its  associated  VDU  mounted  at  the 
copilot-gunner's  console.  The  second  mode  Is  to  select  the  display  and  view  it  through 
Che  HDU  attached  to  the  Integrated  helmet  unit  (IHU)  of  the  Integrated  Helmet  and  Dis¬ 
play  Sighting  System  (IHADSS). 

Each  pilot  can  observe  what  his  turret  Is  looking  at  through  the  HDU.  The  HDU  Is 
an  electro-optical  monocular  display  device  designed  Co  provide  the  pilot  with  a 
selected  video  signal  magnified  Co  a  30-degree  by  40-degree  fleld-of-view  (FOV)  ,  colli¬ 
mated  to  Infinity,  and  projected  at  unity-magnification;  chat  is,  a  one-to-one  alse 
relationship  between  tha  FLIR  Image  of  an  object  and  Che  actual  object,  ^e  HDU  con¬ 
sists  of  a  cathode  ray  tube  (CRT)  and  combiner  glass  mounted  on  a  barrel-type  assembly 
with  adjustments  for  focus  and  Image  orientation.  The  CRT  uses  a  coarse-grained  phos¬ 
phor  known  as  F43  which,  when  excited,  emits  visible  light  In  the  blue,  green,  and  red 
wavelengths.  (The  red  and  blue  wavelengths  are  filtered  out  In  this  application.) 

The  F43  was  chosen  because  Its  rapid  decay  rata  allows  tha  pilots  to  slew  their  heat'.s 
at  normal  rates  of  movement  and  not  have  .the  problem  of  Image  smearing  (afterimage) . 

Superimposed  on  the  FLIR  Image  Is  flight  symbology  to  enhance  the  pilot's  NOE 
flying  capabilities.  This  provides  the  pilot  with  needed  aircraft  and  flight  perfor¬ 
mance  Information  Independent  of  hla  viewing  direction.  This  symbology  Includes  a 
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■agMtte  hMdint  taM,  pow«r  r«adliigt  In  parenntag*  ot  power  awpllabla,  aanaer  loca* 
(ton.  Dopptar  ataarlng  inforaatlon,  radar  alfetMtar  Infonatloni  Chruat  vector  and 
ejeltc  Input  tnfomatloni  aa  well  aa  weapon  ayaten  atatua  and  aelectlon  Inforaatlon. 

Deacrtptlon  of-  elaulatlon  avatea 

The  CMS  faithfully  reprodueea  all  aircraft  ayateaa  with  great  fidelity  and  reallaa 
ualng  29  high  epeed  32*blt  alcroproceaaora  arranged  to  provide  parallel  proceeding. 
Virtually  the  only  difference  la  that  all  of  the  laagea  are  produced  by  a  digital  laage 
generator.  Traea  look  Ilka  conaa,  the  terrain  la  not  tagtured,  and  the  houaaa  and 
aaniMda  atructurea  appear  to  be  "cartoontah."  Conalderable  and  eoapelllng  reallaa  la 
preaent  In  the  alaulator  and  pllota  report  bncoalng  ao  angroaaed  In  the  unfolding 
battle  aeanarlo  that  the  axerclae  takea  on  the  alghtai  aounda,  and  Intanalty  of  a  real 
conflict.  The  CMS  produced  by  the  Singer  Link  Coapany  la  a  full  aotlon-haaad  alaulator 
with  6  degreea  of  freedoai  with  60  Inchea  of  travel.  One  unique  feature  la  each  of  the 
pllota  la  located  on  an  Individual  action  pletfora  with  a  colocated  Instructor-operator 
(Figure  3).  The  two  action  platforaa  are  linked  by  the  eoaputer  so  vlaual  and  notion 
Inforaatlon  are  the  sane  for  each.  One  pilot  at  a  tlae  la  designated  to  "have  the 
controls."  Each  cockpit  haa  three  windows  for  out-the-wlndow  (OTW)  viewing  In  addition 
to  VDU  and  HOU  vtauala  of  the  actual  aircraft.  The  CMS  incorporates  whole  cockpit 
vibration  auppleaanted  by  a  seat  shaker  fer  each  pilot.  (When  the  aircraft  fires  Its 
chain  gun,  the  pllota*  aeet  ahakem  add  Increaaed  vibration  to  alnulate  that  activity. 
However,  the  added  vibration  la  not  felt  by  the  10.)  CMS  now  doaa  not  have  G-ault, 
G-aeet,  or  lap  and  shoulder  belt  tightening  features.  Hhe.t  alr-to-air  combat  features 
are  added  to  the  databaac,  thaae  features  are  felt  to  be  needed  to  accurately  simulate 
the  envisioned  flight  aeenartos.  Even  at  Its  present  stage  of  developnent,  the  CMS  la 
on  the  cutting  edge  of  technology  and  haa  yet  to  reach  Its  full  potential. 

The  database  now  covers  a  16-by-16  ka  area  of  generic  European  terrain.  Efforts 
are  underway  to  expand  the  database  to  a  32-by-40  ka  area.  Almost  all  of  the  flight 
scenarios  are  NOE  and  therefore,  require  detail  of  terrain,  vegetation,  and  trees, 
etc.,  not  required  by  other  simulators.  As  a  result,  only  20  percent  of  the  database 
Is  provided  with  the  detail  In  which  to  conduct  MOB  flight. 

The  CMS  la  an  Interactive  alaulator  In  the  sense  It  shoots  back.  The  10  can  set 
the  hostility  level  froa  a  low  of  1  to  a  maxlmua  of  10  depending  on  the  crew':  skill 
and  proficiency  level.  The  10  also  can  set  the  lethality  level  froa  a  low  of  1  to  a 
aaxlaua  of  10.  Baaleally,  these  levels  Initially  deteralne  how  rapidly  the  Apache  can 
be  acquired  on  radar  by  the  enemy,  and  secondly,  how  deadly  will  be  the  resultant  fire 
he  receives.  Each  of  the  enemy  armor  and  antiaircraft  systems  In  the  database  are 
capable  of  acquiring,  cracking,  and  engaging  the  Apache  aircraft  with  the  same  capa¬ 
bilities  as  the  real  pieces  of  equipment.  The  pilots  also  receive  inforaatlon  In  the 
fora  of  radar  warning  and  lock-on  data  in  Che  aaae  SMnner  they  would  In  Che  aircraft. 
Should  the  crew  expose  theaaelves  to  deCectlosi  and  not  seek  cover,  the  eneay  can  and 
effectively  will  engage  chea  and  Che  result  la  a  very  violent  engagement.  Noise, 
Impact,  and  system  aal functions  are  simulated  with  alarming  accuracy. 

Method 

The  Army's  Initial  study  into  alaulator  sickness  was  a  field  study  designed  to 
coapleaenc  and  expand  the  Navy's  database  of  10  slaulators  (Kennedy,  Llllenthal, 
Berbeua,  Baltsley,  and  McCauley,  1987,  In  preparation;  Van  Hoy,  Allgood,  Llllenthal, 
Kennedy,  and  Hooper,  1987),  and  the  Coast  Guard  data  (Ungs,  1987).  As  aaployed  in 
previous  aurveya,  this  study  consisted  of  an  on-stte  survey  of  pilots  and  lOs  using  a 
notion  history  questionnaire  (MHQ) ,  a  notion  sickness  questionnaire  (MSQ) ,  and  a 
postural  aqulllbrlua  Cast  (PET) . 

The  NHQ  Is  a  self-report  fora  designed  Co  evaluate  the  subject's  past  experience 
with  different  aodas  of  action  and  the  subject's  history  of  susceptibility  to  notion 
sickness.  The  tSIQ  Is  adainlsCared  once.  The  MSQ  Is  designed  to  assess  the  ayaptoaa- 
Cology  experienced  froa  the  alaulator.  It  has  a  pre-  and  post  flight  component.  Addi¬ 
tional  information  about  this  instruaent  are  In  Kennedy,  Llllenthal,  Berbaua  and 
Fowlkes  (1987). 

The  MSQ  Is  divided  Into  four  sections.  The  first  section  Is  preflight  background 
inforaatlon  which  gives  a  batter  description  of  the  pilot  subject  and  allows  placing 
that  subject  In  Cha  proper  category  according  Co  flight  position,  duties,  total  flight 
tlae  In  the  aircraft  and  In  the  alaulator,  and  a  history  of  recant  flight  tlae  In  both 
Cha  aircraft  and  the  alaulator.  Additional  daaerlpCtve  Inforaatlon  concerning  scoring 
methods  and  validity  data  are  In  Lanai,  Berbaua,  Kennedy,  and  Fowlkes  (1987). 

The  second  section  Is  Cha  preflight  physiological  status  section.  This  section  Is 
adnlnlstered  at  Che  simulator  site,  and  gathers  banehaark  data  as  to  the  subject's 
recent  exposure  to  praaerlptlon  aedlcaclona.  Illness,  and  use  of  alcohol  or  tobacco 

Sroduets.  The  second  part  of  this  section  Is  Che  preflight  syapcoa  checklist  which 
ocuaants  how  the  subject  felt  before  entering  Che  alaulator. 

The  third  section  Is  the  postflighc  ayapCoa  checklist  and  la  exactly  the  saae  aa 
the  preflight  ayaptoa  checklist.  This  sactlon  Is  adalnlstered  laaedlataly  after  the 
alaulator  flight,  and  provides  data  regarding  any  Increase  or  decrease  In  severity  of 
the  syapCoaa  that  the  subject  la  experiencing.  Should  the  subject  be  experiencing  an 
Increase  In  any  of  the  symptoms,  an  atteape  was  aade  to  monitor  hla  or  to  Interview  him 
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th«  fbllowlng  day  In  ordac  to  provlda  imm  Inforaaeten  ragardlng  racevary  froa  tha 
axpariancad  ayaptoaa-  Thl*  waa  aaatar  at  tha  Fart  Ruckar  atta  than  at  tha  Fort  Hood 
atta* 

Tha  fourth  aoction  la  tha  poat flight  tnfomatton  aaetlon  which  provldaa  data  on 
tha  flight  condlttona  tha  pilot  axpariancad  while  In  tha  alaiilator  and  Inforaatlon 
eoneamlng  tha  atatua  of  tha  varloua  ayataaa  within  the  alaulator. 

Poatural  e<ralllbrlua  teata  (Thoalap»  Rennady,  and  Bittner,  1986)  ware  adalnlatared 
concurrently  with  tha  HHQ  and  M8Q.  Thaaa  taata  conalat  of  three  auhtaata,  each  daalgn- 
ad  to  aeaaure  an  aapact  of  poatural  equlllhrlua,  aa  fOllowa: 

a.  Walk>on*floor*wlth-ayaa>cloaad  (WOFEC) .  Tha  aubjeet  la  InatrucCed  to  walk 
12  haal-to-toa  atapa  with  hla  eyaa  cloaad  and  araa  folded  acroaa  hla  cheat.  The  aub- 
Jact  la  given  a  aeora  (0-12)  haaad  on  the  nuahar  of  atapa  ha  la  able  to  coaplate  with¬ 
out  aldeatepplng  or  falling.  The  aubjeet  la  Coated  five  tinea,  both  pro-  and 

poaC flight.  Subjacta  are  aeorad  on  the  average  nuaibar  of  atapa  taken  ualng  the  beat 
three  of  Che  five  teata. 

b.  Standlng-on-preferrad-leg-wlth-aMa-cloaad  (SOPLEC).  The  aubjeet  daalg- 
naCaa  hla  prefOrred  Teg  (tha  lag  he'd  uae  to  kick  a  football)  and  Chla  la  annotated  on 
the  fOre.  The  aubjeet  than  la  aakad  to  atand  on  hla  prefarrad  leg  for  30  aeconda  with 
hla  ayaa  cloaad  and  araa  folded  acroaa  hla  cheat.  The  axperlaenter  recorda  Che  nuabar 
of  aeconda  the  aubjeet  la  able  to  atand  without  loalng  balance.  Tha  aubjeet  la  aeorad 
on  the  nuabar  of  aeconda  he  la  able  to  atand.  The  teat  la  adalnlatared  five  tinea  with 
the  beat  three  of  tha  five  being  uaad  for  analyala. 

c.  Scandlng-on-nonprafOrred-lag-wlCh-eyaa-cloaad  (SONLEC) .  The  SONLBC  la 
adalnlatared  and  aeorad  In  tha  aaaa  aannar  aa  Che  SOPLEC.  The  SONLEC  will  uae  Che 
oppoalte  leg  froa  tha  SOPLEC  and  la  adalnlatared  five  tinea.  The  auhjact's  acore  la 
tha  average  nuabar  of  aeconda  he  la  able  Co  atand  ualng  tha  beat  three  of  tha  five 
teata. 

In  order  to  gather  the  aoac  coaprehanalva  data  In  the  leaac  Intrualve  aanner,  Che 
aurvaya  were  adalnlatared  to  all  avlaCora  who  preaentad  thenaelvea  at  the  alaulator 
atcaa  for  flight  perloda.  No  attempt  waa  aade  to  randonlae  Che  population,  but  rather 
to  aCudy  tha  problen  In  the  operational  aecclng  in  which  It  la  found  and  ualng  flight 
acenarloa  noraally  found  during  training. 

Partlclpanta 

Three  candidate  populatlona  conprlaad  the  aurvay  aample.  The  flrat  were  atudent 
avlacora.  Theae  Indlvlduala  are  rated  Aray  avlatora  who  were  at  Fort  Rucker  for  the 
AH-64  tranalclon  courae.  They  were  either  recant  Initial  entry  rotary-wing  graduataa 
with  ISO  houra,  or  more  aenlor  aviators  with  several  thousand  hours  of  flight  time.  Of 
laporCance  for  this  survey  waa  that  they  were  assent lally  naive  with  respect  to  both 
the  alaulator  and  the  AH-64  helicopter  prior  to  this  course.  During  tha  final  2  weeks 
of  their  course,  after  all  of  their  tlae  allocated  In  the  actual  aircraft  haa  been 
accomplished  (noraally  40  hours  of  flight  time),  they  spend  IS  hours  of  fl^ht  tlae  In 
Che  alaulator.  This  eonalstad  of  five  flights  In  each  crew  atatlon,  each  flight 
consisting  of  1.5  flight  houra.  Because  Ullano,  Kennedy,  and  Laabart  (1986)  reported 
lllnassea  associated  with  alaulator  alckneaa  quickly  dlsalpate  with  tlaa  when  a  pilot 
who  la  unfaalllar  with  a  alaulator  la  exposed  repeatedly.  It  waa  expected  alallar 
adaptations  would  occur  hare.  Tha  opportunity  to  monitor  the  etudenta  In  tha  transi¬ 
tion  course  afforded  Che  Aray  an  opportunity  to  compare  Its  experience  with  adaptation 
Co  theae  findings.  Approxlaately  40  students  were  surveyed  over  an  average  of  9 
flights  each. 

The  second  target  population  was  the  rated  Aray  AH-64  pilots  who  return  to  tha 
simulator  alts  at  their  duty  station  for  continuation  and  alaslon  training  on  an 
Irrogular  basis.  All  these  Individuals  currently  are  located  at  Fort  Hood,  Texas, 
which  la  Che  Army's  single  station  for  Che  fielding  of  the  Apache  helicopter  and  Its 
advanced  attack  helicopter  battalions.  It  also  Is  the  only  other  operational  CHS 
facility  now  used  by  the  Aray. 

The  third  and  final  population  was  Che  ICs  or  Instructor  pilots  (IPs)  for  the  CHS. 
At  Fort  Rucker,  they  all  are  meabera  of  Che  Aviation  Training  Brigade  and  are  warrant 
officer  aviators  charged  with  cralnlng  the  students  attending  the  All-64  tranaltlou 
courae.  Conversely,  at  Fort  Hood,  the  lOa  are  DepartaanC  of  the  Aray  civilians  who 
work  at  the  simulator  site  as  IPs.  However,  each  Is  a  retired  Arw  aviator  and  aost 
are  former  AH-1  Cobra  pilots  with  coebaC  experience  In  Vietnam.  They  are  restricted 
froa  flying  In  Che  aircraft  by  regulation  and  Job  deacrlptlc,).  Unit  IPs  ttom  the  units 
which  are  located  at  Tort  Hood  provide  very  limited  duty  as  lOs-  It  should  be  noted 
due  to  the  wchedullng  of  lOs  at  the  Fore  Rucker  alCa  and  Che  rasultlng  amall  nuaber  of 
subjects  available,  and  the  fact  that  alt  of  Che  Fort  Rood  IDs  do  not  fly  the  aircraft, 
most  of  the  data  concerning  Che  lOa  waa  oonaldered  Invalid.  Consequently,  no  data  of 
any  aubsta.ice  for  this  populaclon  Is  available  for  this  report. 

In  order  Co  capture  Che  data  necessary  froa  the  mentioned  populatlona,  tha  sites 
used  were  Fort  Rucker  and  Fort  Hood.  A  target  population  of  200-250  was  the  objective, 
but  due  to  time  constraints  and  the  nuances  of  operational  usage  of  the  simulator,  only 
127  subjects  were  obtained.  Due  Co  suspense  dates  placed  on  the  sCxidy  by  Che  Assistant 
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Secretury  of  the  Aray/Ratoareh,  Development  and  Acqufal.tlon,  only  the  CHS  could  be  sur¬ 
veyed-  mere  are  three  ether  Army  simulators  that  must  still  he  surveyed  (AH-1,  CH-A7t 
snd  UH-60) .  They  perfomed  the  normal  program  of  Instruction  st  the  Port  Rucker  site 
and  ons  of  several  operations  orders  (OroRO)  designed  to  maintain  proficiency  at  the 
Fort  Hood  site-  As  a  matter  of  eKplanstlon,  each  flight  In  the  CHS  at  both  sites  is 
baaed  upon  a  tactical  situation  as  presented  In  an  OPORO  and  proceeds  as  rapidly  or  as 
slowly  from  target  to  target  as  the  craw's  skill  permits.  Hostility  levels  and  lethal¬ 
ity  levels  are  aet  by  the  10  depending  on  skill  level  of  the  crew  and  the  desired 
taaehlng  goal  for  that  particular  flight-  The  Investigator  did  not  perform  any  inter¬ 
vention  or  exercise  any  control  over  the  fltghta  In  the  conduct  of  tnla  survey. 

All  aviators  scheduled  for  flight  ware  surveyed.  Each  was  guarsntasd  anonymity 
and  thsy  wars  parmlttad  nonparticipation.  Data  ootslnad  from  the  quastlonnslros  and 
tha  PET  were  entered  into  a  generic  database  using  the  programs  In  use  at  the  NTSC,  and 
data  reduction  and  analyses  were  performed  as  in  prnvloua  studies.  Tha  data  in  this 
report  now  are  Incorporated  into  Che  Navy's  simulator  sickness  database,  which  also 
includes  Coast  Guard  data  in  order  to  deteralna  coaaonsllty  of  symptoms  and  simulator 
usage  and  design.  Unique  to  the  present  study  ta  Chat  tha  acudanc  population  was 
avaluatsd  over  a  2-weak  period  and  9-10  fllghta.  An  initial  look  at  adaptation  to  Che 
alaulacor  and  poatslmulator  aymptoma  racovery  Ciaa  ta  preaanCed. 

The  127  Army  avlacora  surveyed  ranged  In  age  froa  20  to  47  years  (mean  30.6,  SD 
S.77).  Their  ranks  ranged  from  warr“,?(t  officer  1  to  chief  warrant  officer  4  and  first 
lieutenant  to  colonel.  Flight  experlencn  was  In  the  range  150  to  U400  flight  hours 
(osan  1583.48). 

RESULTS 

Overall  Incidence 

Based  on  our  previous  experiences  In  monitoring  motion  sickness  In  Navy  slmula- 
tura,  we  have  adopted  as  our  Index  of  dlscoacort  the  percent  of  peraons  who  ware  alck 
enough  upon  exiting  to  report  at  laaat  one  elnor  aymptoa  which  is  ordinarily  aasoclated 
with  motion  sickness.  These  overall  Incidence  data,  baaed  on  434  separate  simulator 
pilot  expoaurea,  appear  as  Table  1.  Presented  In  the  table  la  tha  overall  Incidence  as 
well  ms  the  grand  Incidence  for  two  aymptom  categories  —  those  related  to  asthenopia 
and  those  related  to  motion  slekneaa. 

In  Table  2,  the  Information  presented  In  Table  1  la  preeented  separately  for  stu¬ 
dent  and  rated  aviators.  Student  aviators  were  surveyed  over  nine  to  ten  flights  dur¬ 
ing  the  transition  course.  The  data  for  rated  avlatora  represents  only  the  first 
obssrvatlon  for  ssch  subjsct  evsn  though  soma  were  surveyed  two  or  three  times  during 
ths  eourss  of  ths  study.  In  addition,  for  ssch  pilot  group,  ths  data  are  presented  by 
seat  (whachar  tha  pilot  occuptsd  the  pilot  or  eeptlot-gunner  position) .  For  rated  avi¬ 
ators,  the  data  Indteata  Chat  pilots  genarally  ara  more  likely  than  copilots  to  sxperl- 
enca  syapcomi  of  graatar  severity.  Previous  studies  (Kennedy,  Liltanthal,  Barheum, 
Baltaley,  and  McCauley,  1987,  In  preparation;  MeGulnneaa,  Bouwman,  and  Forbes,  1981; 
Havron  and  Butler,  1957)  have  Found  aviators  with  greeter  experiences  In  the  actual 
aircraft  reported  acre  difficulties  with  almuletors,  particularly  whan  they  ha/a 
'recent  high  time.'  In  tha  present  survey,  It  la  our  understanding  Individuals 
selected  to  fly  In  the  pilot  seat  Froa  the  "rated  aviator"  category  would  he  expected 
to  have  considerably  higher  Apache  flight  times  than  those  selected  for  tha  copilot 
sea.''.s  and  it  Is  our  speculation  this  is  the  probable  genesis  for  this  difference  in 
Incidence. 

Table  1 

Incidence  of  postfllght  (15-30  minutes)  snptoaa  recorded 
following  434  simulator  flights  (127  auh.iecta) 


Overall  Incidence*:  44X 


Asthenopia 

Percentage 

Motion  sickness 

Percental 

Eye  strain 

29X 

Drowsiness/ fatigue 

431 

Blurred  vision 

31 

Sweeting 

30X 

Difficulty  focusing 

91 

Nausea 

7t 

Difficulty  concQiiCraClng 

m 

Otss Ines  s/ ver t Igo 

5X 

Headache 

201 

Stomach  awareneas 

6X 

Fullness  of  head 

7X 

least  one  miner  sympcom  checker 


on  Che  post! 


symptom  check 
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Tabl*  2 


CMp«rattv«  tneldanea  of  ko7  pootfllght  (1S*)0  ■Inutoo)  ayapto*** 
for  atttdont  avlatora  and  ratad  avtatora  by  aaac  whara 
N  f  nuabar  of  obaorvatlona  for  atudanta  and 
N  >  nuabar  of  aubjacta  for  ratad  avlatora 


Student 

avlatora 

katad  avlatora 

katad  avlatora 

copilot 

Pilot 

Copilot 

Pilot 

(M-171) 

(N-16S) 

(N^-44) 

(N^-42) 

Overall  Incidence 

4n 

44X 

44X 

57X 

Syaptoas  of  asthanopla: 

Ey«  •train 

291 

30X 

18X 

36X 

Blurred  vision 

IX 

4X 

2X 

3X 

Difficulty  focusing 

9X 

8X 

9X 

17X 

Difficulty  eoncantratlng 

6X 

13X 

14X 

17X 

Headache 

21X 

24X 

9X 

14X 

Syaptoas  of  aotlon  alcknaaa : 

Drowtlnttia/ 

39X 

47t 

43X 

38X 

Sweating 

29X 

357. 

16X 

36X 

Nauaaa 

7X 

7X 

OX 

lOX 

Dlsalnaaa/vartlgo 

IX 

2X 

2X 

7X 

Stoatach  awaraneaa 

4X 

7X 

2X 

19X 

Fullnasa  of  head 

4X 

8X 

16X 

7X 

*  At  laaat  one  alnor  ayaptoa  ehaekad  off  on  tba  poatfllghb  ayaptoa  cbackllat 


Ataala 


Tha  poatural  aqulllhrtua  taat  (PET)  aaana  and  atandard  davtatlonai  along  with  atn> 
laua  and  aaxlaua  acoraa,  ara  raporcad  In  Tabla  3.  Patrad  t-toata  vara  uaad  to  aaaaaa 
changaa  froa  praaeoraa  to  poatacoraa  for  aaeh  of  tha  threa  PET  dapandant  vartablaa, 
vhara  pro-  and  poatacoraa  warn  baaad  on  tha  avaraga  of  tha  boat  thraa  out  of  ftva  pra- 
and  poattrlala,  raapaetlvaly.  Coaparlaen  of  pra-  and  poat-VOFEC  acoraa  (t  ■  4.74,  ^  > 
408,  p  <  .001),  pra-  and  poat-SONtSC  acoraa  (t  •  3.20,  df  •  405,  p  <  .0017,  and  pra- 
and  poat-SOPLEC  acoraa  (t  -  6.19,  df  •  406,  £~<  .001)  ravaalad  atatlatleally  atgntft- 
cant  daerananta  In  poatural  atabllTty  ooeurrad  for  aach  aaaaura. 

In  Tabla  4,  tha  PET  data  ara  praaantad  according  to  pilot  group  and  aaat  occuplad. 
For  tha  atudant  avlatora,  only  tha  80PLEC  maaaura  ravaalad  a  algnlflcant  decrenent  for 
both  ptlota  and  copllota  froa  tha  pra-  to  poattaatlng.  Analyala  of  WOFEC  and  SONLEC 
aaaauraa  ravaalad  atatlatleally  algnlflcant  dacraaanta  for  tha  pllota  only.  Analyaaa 
for  tha  ratad  avlatora  ravaalad  atatlatleally  algnlflcant  dacraaanta  for  both  pllota 
and  copllota  on  tha  WOFEC  and  SOPLEC  aaaauraa.  Hovevar,  on  tha  SONLEC  aaaaura,  a 
significant  dacraaant  waa  found  only  for  the  pllota. 

Table  3 


Naana,  standard  davlatlona,  alnlaua/aaxlaua  scores  and 
Ns*  for  pra-  and  poat-VOLFEC,  SONIEC,  and  SOPLEC  aeaaurea 


- WJIW 

Pra 

Post 

SOHCEC 

Pra 

Post 

- SOPIIEir 

Pra 

Post 

Naan 

11.38 

11.02 

23.17 

21.81 

23.06 

21.54 

SD 

1.42 

1.79 

7.89 

8.07 

7.81 

8.16 

Mln-aax 

3.3-12.0 

3.3-12.0 

5.0-30.0 

2.3-30.0 

5.6-30.0 

3.3-30.0 

N 

410 

409 

410 

406 

410 

407 

*  N  •  Nuabar  of  observations 
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Table  t 

ft*-  aiHl  poateapoBura  (ftapnoattc  HSQ  eaana  tot 
■tttdant  avlatora  and  ratad  avlatora  hy  laat 


Premean 

Postaean 

Diffitr«nc« 

t 

P 

Student  aviators: 

Copilot 

171 

.73 

1.34 

.81 

7.43 

.000 

Pilot 

168 

.96 

1.74 

.76 

6.74 

.000 

Rated  aviators: 

Copilot 

Pilot 

43 

.36 

1.38 

1.00 

3.91 

.000 

42 

.93 

1.93 

1.02 

3.86 

.000 

^  R  >  Total  nuBber  of  ebaarvationa  isor  atudent  avlatora  and  nuenar  of  caaea  ?or'  rated 
avlatora 


Charactarlatle  ayptoaa  of  ateknaaa  and  aathanopla 

Table  7  ahova  the  aelf-raported  tnotdanca  of  four  charactarlatlc  ayoptoai  of 
aocton  ateknaaa  (dtaatnaaa  with  ayaa  open,  vartlao,  atoaaeh  awaranaaa,  and  nauaaa)  and 
for  three  charactarlatte  ayaptoaa  of  aathanopla  (teadaeha,  aye  atraln,  and  difficulty 
foeualns) -  The  aaaplaa  for  each  ayaptoa  exclude  tndlvlduala  reporting  the  ayaptoai 
prior  to  alaulator  expoaura  ao  that  the  proportloaa  and  fraquanclaa  are  Halted  to 
thoaa  Indlvlduala  uho  did  not  have  the  ayaptoaa  upon  entering  the  alaulator .  hut  did 
haw'  thaa  vhen  exiting.  Thla  particular  aethod  or  presenting  the  data  aay  underaatl- 
aate  the  extent  of  the  problea  because  different  aviators  aay  experience  different 
syaptoaSi  and  others  aay  experience  an  Increase  In  a  preexisting  ayBptoa--lt  Is 
suggested  thla  la  one  reason  why  the  Incidence  rates  In  Table  1  generally  are  higher 
than  those  In  Table  7.  In  addition,  for  our  survey,  aeasursa  of  charactarlatlc  aotlon 
alcknaaa  ayaptoaa  generally  result  In  conservative  values  that  aay  underestlaate  the 
aagnltude  of  the  problea.  Avlatora  train  In  the  alaulator  free  1  to  10  tlaea  during 
the  qualification  course  and  aoae  Individuals  aeaalngly  adapted  or  habituated  to  the 
alaulator.  It  was  not  possible  to  correct  these  data  by  using  an  aviator's  report  of 
syllabus  number  because  of  the  aultlnllclty  of  other  variables  which  occur  during 
regular  training  (a. a. .  there  were  different  time  Intervals  between  flights  and 
different  kinematics  are  known  to  occur  In  the  sasM  syllabus  number) .  Vs  propose  this 
la  an  additional  reason  why  the  data  reported  here  aay  be  expected  to  be  conservative 
eatlmatea  of  the  Incidence. 

The  data  In  Table  7  are  separated  In  Table  A  according  to  aviator  group  and  seat. 
Data  for  student  aviators  suggest  the  severity  of  syaptoas  experienced  largely  Is 
Independent  of  seat  occupied.  However,  for  rated  aviators,  there  Is  a  general  tendency 
for  pilots  to  experience  syaptoas  of  greater  severity  than  those  experienced  by  the 
copilot-gunners . 


Table  7 

Characteristic  syaptoas  of  notion  sickness  and  asthenopia* 


Dlaslnass 

Prlaary  aotlon  sickness  syaptoas** 

StOBSch 

(eyes  open) 

Vertigo  awareness 

Nausea 

1.4X  (6/434) 

1.2X  (3/434)  3.2X  (22/424) 

Eye  strain  related  syaptoas** 

3.8X  (25/429) 

Headache 

Eye  strain 

Difficulty  focuslne 

14. OX  (33/388) 

24. 3X  (98/403) 

9.3X  (40/431) 

*  Rercehtages  of  those  not  reporting  a  syaptoa  before  exposure  that  report 
the  syaptoa  after  exposure 
**  Total  possible  observstlons  -  434 
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Table  8 


Characteristic  aymptODS*  of  notion  sickness  and  asthenopia 
for  student  aviators**  and  rated  aviators***  by  seat 


Prlaary  notion  Student  aviators  Rated  aviators 

stckneas  syptons _ Copilot  Pilot _ Copilot  ^llot 


Dltslneaa  (eyes  open)  l,2t  (2/171) 
Vertigo  O.OX  ?0/171) 
Stonach  awareness  3. OX  (5/l66) 
Nausea  S.SX  (10/170) 

Eye  strain  related  svnptona ; 

Headache  13. 7X  (21/153) 
Eye  strain  26. OX  (42/162) 
Difficulty  focusing  8.8X  (15/170) 


1.2X 

(2/168) 

b/168) 

2.3X 

(1/44) 

2.4X 

(1/42) 

1.8X 

O.OX 

(0/44) 

4.87,. 

b/42) 

6. OX 
6. OX 

(10/166) 

(10/166) 

2.3X 

O.OX 

(1/43) 

(0/44) 

19. 5X 
9.5X 

(8/41) 

b/42) 

17. 7X 

(26/147) 

9. IX 

(4/44) 

7.7X 

(3/39) 

24. 2X 

(37/153) 

14. 3X 

(6/42) 

31. 6X 

(12/38) 

7.7X 

(13/168) 

9.  IX 

(4/44) 

15. OX 

(6/40) 

Percentage  of  chose  not  reporting  symptons  before  exposure  that  report  the 
srapCon  after  the  exposure 

**  Total  possible  observations  »  171  for  copilots;  168  for  pilots 
***  Total  possible  cases  44  for  copilots;  42  for  pilots 


Table  9 

Correlational  analysis  of  synptomology 
and  flight  characteristics 


I 


Flight  characteristic 

- Posc^HSq - 

diagnostic  criteria 

Post-  minus 
pre-MSQ 

r 

r 

Mission 

-.06 

.04 

Flight  hours 

-.05 

-.04 

Flight  hours  last  2  months 

-.38 

-.07 

Night  vs.  day 

.08 

.12 

Duration  of  exposure 

.15 

.30* 

p  <  .01 


Correlation  analysis  of  Che  level  of  notion  sickness  severity  and  the  post*  minus 
pre-NSQ  scores  Indicated  a  significant  correlation  for  only  one  variable,  duration  of 
exposure.  This  correlation  was  based  on  Che  first  recorded  session  In  which  symptoms 
were  noted.  Contrary  to  prevlo«is  studies,  the  .\rmy  data  do  not  Indicate  flight  expe¬ 
rience  level  to  be  a  prediction  of  simulator  sickness.  (Although  consistent  with 
findings  from  other  studies,  because  10  correlations  were  calculated  for  this  compari¬ 
son,  such  a  finding  might  be  expected  to  occur  by  chance  50  percent  of  the  time  when  no 
other  true  correlations  were  present.) 

Figure  4  presents  the  poscfllght  MSQ  severity  scores  for  avlstors  who  completed 
their  qualification  course  phase  in  the  CMS  according  to  the  training  syllabus.  As 
might  be  expected  the  figure  Indicates  during  the  10  flights,  there  Is  adaptation  as 
the  aviators  gain  simulator  experience  In  the  CMS.  Aviators  generally  report  fewer 
symptoms  as  they  fly  the  simulator  more  often.  There  Is  a  general  trend  downward  even 
though  there  are  slight  deviations  from  a  decreasing  function.  It  was  expected  this 
downward  trend  might  be  sharper  than  actually  experienced. 

figures  5,  6,  and  7  present  the  postflight  ataxia  test  difference  scores  for  the 
same  student  aviators.  This  pre flight  score  minus  the  post  flight  score  for  the  three 
tests,  WOFEC,  SOPLEC,  and  SONhEC,  Is  used  as  an  Indicator  of  gain  and  loss  of  function. 
In  this  ease,  equilibrium.  It  should  be  noted  that  there  Is  an  apparent  loss  of  equi¬ 
librium  that  progresses  over  the  course  of  flights.  Following  session  four,  the  three 
tests  indicate  a  general  trend  of  a  sustained  level  of  a  loss  of  equilibrium.  In  the 
earlier  flights  It  would  be  expected  that  whatever  effect  was  present  would  be  masked 
by  the  learning  that  would  be  taking  place,  cs  seen  In  Thomley,  K.  E. ,  Kennedy,  R.  S., 
and  Bittner,  A.  C.  (1986).  This  appears  to  be  what  has  happened  In  these  cases. 
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DISCUSSION 

The  vtf  thta  Aray  study  are  clear.  Staulator  ateknaaa  aymptonatology  In 

the  AH-64  CMS  has  .^houn  an  overall  Incidence  Froa  434  observaclone  o'  44  n<>rcent ,  a 
value  which  la  coapnrahla  to  those  reported  by  the  U.S.  Navy  In  their  report  of  10 
dlFferent  alaulators  (range  w  10-60  percent).  We  have  coapared  the  AH-64  CMS  to  the  10 
alaulatora  of  the  Navy* a  database  in  a  series  of  Fine-grained  analyses  of  the  Individ¬ 
ual  syaptoaatology  according  to  a  series  of  dichotoalea:  flxad-wlng  versus  rotary-wing 
-  Table  10;  aovlng  base  veraua  fixed  baso  -  Table  11;  CRT/calllgraphlc  display  versus 
doM  projection  -  Table  12.  It  would  appear  the  results  obtained  In  our  study  are  In 
line  with  expectations,  that  la,  the  aynptona  which  nora  eoenonly  are  aaaoelated  with 
awtlon  slcknesa  also  are  present  to  a  eonstdarabla  extant.  Eye  strain  and  fatigue  are 
prevalent  syaptoaa  In  the  CMS.  However,  those  flying  the  Apache  consistently  complain 
of  eye  strain  from  flights  In  the  aircraft  and  the  workload  Inherent  In  the  mission  of 
the  aircraft  also  Is  conalde. sd  task  saturated  and  fatiguing.  These  data  from  the  Army 
survey  are  very  much  in  line  with  Che  Navy's  findings  from  their  larger  survey. 


Table  10 

Overall  percentages  of  key  srapcomatology  for  Navy  fixed  wing  versus 
rotary  wing  and  the  Army  CMS  (total  number  of  observations  >1630) 


Asthenopia; 

FW 

RW 

CMS 


Headache  Eye  strain 


15.9  14.8 
8.9  22.5 
20.0  29.0 


Difficulty  focus ln< 


6.2 


10.2 

9.0 


Motion  sickness: 

FW 

RH 

CMS 


Dltslneae 

Vertigo 

Stomach 

awareness 

Nausea 

4.0 

6.2 

7.0 

3.6 

3.3 

3.9 

8.8 

9.9 

5.0 

5.0 

6.0 

7.0 

Table  11 

Overall  percentages  of  key  symptomatology  for  Navy  motion  base  versus 
fixed  base  and  the  Army  CMS  (total  number  of  observations  >1630) 


Asthenopia: 

Headache 

Eye  strain 

Difficulty  focusing 

MB 

16.1 

22.6 

10.1 

FB 

4.7 

10.6 

4.7 

CMS 

20.0 

29.0 

9.8 

Motion  sickness: 

Dlsslness 

Vertigo 

Stomach 

awai'enesa 

Nausea 

MB 

3.7 

3.9 

8.0 

9.2 

FB 

2.6 

7.3 

9.1 

3.4 

CMS 

5.0 

5.0 

6.0 

7.0 
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Table  12 

Overall  percentagaa  of  key  ayap*'oaatoIogy  for  Navy  dose  veraua 
CRT/calllgraphtc  vlar-'l  ayateaa  and  the  Any  CHS 
(total  nuaiber  of  obaervattona  >163C) 


Aathanooia : 

Headache 

By.,  atraln 

Difficulty  focusini 

Dome 

5.5 

9.3 

4.6 

CRT 

15.5 

22.5 

9.9 

CMS 

20.0 

29.0 

9.0 

Notion  sickness; 

Dlasinesa 

Vertigo 

Stoaach 

awaranait 

Nausea 

Done 

3.1 

8.5 

10.6 

4.0 

CRT 

3.6 

3.7 

7.7 

8.9 

CMS 

5.0 

5.0 

6.0 

9.0 

8t  leaat  one  minor  aynptom  checked 


on  the  poatfllght  aynptoa  check 


The  conpantlve  pereentagea  of  synptoaatology  and  eye  atraln  In  the  two  differing 
aviator  populatlona  reveal  an  almoat  equal  anount  of  almulator  alckneaa  ayaptoaacology 
In  the  "attident"  avlatora  veraua  the  "rated"  avlatora  when  flying  In  the  eoplloc-gunner 
aeata,  but  there  appeara  to  be  conalderably  greater  Incidence  of  alckneaa  aymptona  In 
"rated"  avlatora  whan  flying  In  the  pilot* a  aeat.  However,  the  pre-  veraua  poat*aotlon 
alckneaa  ayaptonatology  aeorea  obtained  In  the  preaent  atudy  are  conparable  with  thoae 
of  the  Navy  atudlwa,  Theaa  dlffarancea  atatlatlcally  were  algnlflcant  In  the  preaent 
atudy,  and  aa  Indicated  above,  peraona  who  flew  In  the  pilot* a  aeat  appeared  to  be  aore 
affected  than  thoae  with  copilot-gunner  expoaurea.  Although  theaa  dlfferencea  are 
aMll,  It  would  appear  they  are  real. 

The  poetural  aqulllbrlua  aeorea  generally  reveal  a  algnlflcant  change  from  before 
to  after  flying  In  the  alaulator.  Theae  dlfferencea  aupport  the  flndlnga  froa  the  Navy 
Jtudy  and  laply  that  avlatora  aay  he  at  aoae  rlak  In  actlvltlea  which  require  balance 
and  manual  control  after  their  fllghta.  The  Individual  flndlnga  for  the  different 
groupa  reveal  that  flying  In  the  pilot  aeat  aay  entail  aore  vlaual/veatlbular 
reeallbratlon  than  after  equal  Claea  In  the  copilot-gunner  aeat.  Whether  thla  la 
related  to  the  Increaaed  aaount  of  tlae  apent  In  out-the-wlndow  activities  la 
problematic,  and  should  be  studied  further. 

The  comparison  of  the  postural  and  syaptomatology  data  In  the  student  aviators  who 
were  followed  over  10  flights  Is  revealing  In  this  regard.  It  appears  that  while 
reported  symptoas  lessen  with  continued  prectlce  In  the  simulator,  the  aaount  of  post- 
adaptation  phenonena  evident  through  the  ataxia  performance  Implies  that  aviators  may 
be  at  greater  risk  In  later  sessions  than  earlier  ones.  The  data  suggest  that  the 
price  that  Is  paid  for  thla  adaptrtlon  la  decreased  equilibrium.  As  the  aviators' 
ayaptoms  would  appear  to  be  lesseiilng,  perhaps  his  confidence  In  his  own  adaptability 
would  be  leading  him  to  be  leas  poised  to  attend  to  such  aftereffects.  In  our  opinion 
such  a  relation  could  result  In  cooiproratses  to  safety,  both  on  the  ground  and  In 
flight.  Vc  believe  this  should  be  examined  In  a  larger  population  of  aviators  observed 
longer  than  the  present  15-30  alnutes  postflight.  It  must  be  determined  whether  or  not 
the  duration  of  theae  postadaptation  effects  outlasts  the  atlaulus  for  a  period  greater 
than  the  avlatora  remained  In  the  simulator  building  for  this  study. 

The  results  of  thla  study  and  the  continuing  dialogue  among  users  of  flight  slmu- 
ora  will  be  an  ever-expanding  database  of  simulator  sickness  experiences.  Better 
design  criteria  and  operational  guidelines  designed  to  alleviate  the  effects  of  almula¬ 
tor  sickness  also  will  be  forthcomlug.  In  the  meantime.  It  Is  apparent  that  the  prob¬ 
lem  of  simulator  sickness  still  exists  with  new  and  yet  only  pertlally  understood 
ramifications.  Managers  and  aviators  alike  should  become  aware  of  these  and  take 
appropriate  action  to  Insulate  those  at  risk. 


«UOH^  MUMM  OF  UJRn 


ntroN/  HUMn  of  aMera 


Flgur*  4.  Pottnight-Hsq  lavertcy  acoroa 
for  atudanc  avlatora  over 
10  aaaalona  in  cha  CMS 


Figure  5.  Pre flight  alnua  poatacorea 
(WOFEC)  for  atudent  avlatora 
over  10  aaaalona  In  thu  CMS 


Figure  6,  Prefllght  alnua  poat flight 
acoraa  (SONLEC)  for  atudent 
avlatora  over  10  aaaalona 
the  CMS 


Figure  7 .  Prefllght  alnua  poatfllght 
acorea  (SOPLEC)  for  atudent 
avlatora  over  10  aaaalona  In 
the  CMS 
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DtMUUIQM 

QUBDAYi  I  had  tha  lapraaalon  that  you  ahowad  a  diffctanea  In  aaparianead  nllota  uaraua 
atudanta  aarly  la  your  aortoa  of  alidna  and  than  lator  on  I  thought  you  aald  thorn  waa  no 
dlftovanco.  Could  you  clear  that  up  for  mmt 

QOWKIti  No  hava  tha  aana  kind  of  problan  aa  that  of  ny  Canadian  collaagua  oho  talked 
aariiar.  Ma  had  a  adxod  group  of  avlatom  going  through  tralnlngr  they  had  flight  ax- 
porianea  ranging  fro*  ISO  houra  to  0400  houra  hut  uora  atlll  llatad  aa  atudanta. 

BKNSONi  Can  I  aak  you  tha  aaao  guoatlon  that  t  aaknd  our  Canadian  trland  thla  aiornlngf 
Havo  you  any  idaa  of  tho  natuza  of  tha  poatural  dlaturbancaa  and  lavalnaant  of  aqutllb- 
rluat  folleolng  a  coal  flight? 

GQWERi  No  hava  not  dona  a  atudy  that  provldaa  an  anawar  to  your  guoatlon.  I  would 
agroa  that  If  a  aiaulator  produeaa  aoaothlng  that  tho  aircraft  doaa  not.  than  potan- 
tlally  wo  havo  poor  alnulatlon.  (hi  tha  other  hand,  if  It  produeaa  affacta  Ilka  thoaa 
produced  by  tha  aircraft,  than  aoyba  wa  ahould  laavo  It  alone. 

MNSOMi  My  guoatlon  ralatoa  to  tha  poaaibillty  that  any  axpoaura  to  vibration  and 
notion  nay  cauaa  iapalmant  of  poatural  aguilibriun.  Ma  are  placing  a  lot  of  anphaala  on 
changaa  In  poatural  atabillty  that  may  be  laaa  than  thoaa  produced  by  real  flight.  I 
ramembar  talking  to  one  colleague  who  indicated  gulta  aavara  dlaturbancaa  of  poatural 
agulllbriua  after  having  bean  on  a  Grayhound  bua  for  3  houra. 

GOWCRi  Having  flown  tha  almulator  and  being  rated  nyaalf,  1  would  any  that  tha  almulator 
produeaa  atrongar  affacta  bacauaa  of  tha  altered  anvlronnont. 

MOliTBt  I  wonder  if  theao  pllota  ware  there  for  n>y  training,  and  If  they  ware,  did 
you  look  at  tha  hiatory  of  their  drinking  prior  to  their  training? 

(XWERi  Yea,  air.  Maa  that  all  of  your  guoatlon? 

WOUBi  No  know  that  even  noderata  alcohol  conaumption  haa  an  affect  on  tha  vaatibular 
aystam  that  may  paraiit  up  to  73  houra.  Bacauaa  you're  doing  a  form  of  vaatibular  teat, 

I  wonder  whether  or  not  aome  of  your  raaulta  may  be  Influoncad  by  aariiar  alcohol  intake. 
Tha  other  guaation  la,  hew  many  of  tho  pllota  hava  refractive  errora  and  wear  glaaaaa? 
la  there  any  ccrrelatlon  batwaan  the  aymptoma  of  aya  atraln  and  whether  or  not  they 
wear  glaaaaa? 

GOWER  1  In  anawar  to  your  firat  guaation,  aii,  aa  part  of  tha  motion  hiatory  guaatlon- 
natra  admlnlaterad  pre-flight,  aubjacta  wore  aaked  two  guaationai  Do  you  aaioka?  If  ao, 
in  the  laat  34  to  48  houra?  Hava  you  had  any  alcoholic  beveragaa  in  tha  laat  34  to 
48  houra?  There  waa  no  correlation.  I  can  tell  you  that  the  training  for  tha  Apache 
tranaltion  courae  ia  probably  one  of  the  tougheat  for  theae  pllota  to  undergo.  They 
are  heme  atudylng  on  Friday  nlghta,  and  not  at  the  Club.  I  waa  there  to  taka  theae 
aurveya  myaelf  -  there  were  no  hangovera  to  mention. 

WOUE;  I'm  not  apeaking  about  hangover.  Eguillbrium  teata  are  o>^-’loualy  affocted  by 
moderate  drinking.  I  think  there  have  been  aome  recent  papera  inoleatlng  there  la  effect 
on  performance  in  the  almulator  up  to  18  I  oura  after  moderate  drinking. 

GOWERi  Thera  waa  no  correlation  between  '.he  walking  or  the  atanding  component  of  the 
poatural  eguillbrium  teat  with  uaa  of  alcohol  or  cigarette  amoklng. 

WOUE  I  In  other  worda,  the  eguillbrium  teat  waa  not  very  aansitlve.  Senaltive  affacta, 
a.g.,  poaitlonal  alcoliol  nyatagmua,  have  been  recorded  after  a  couple  of  beera,  up  to 
3  or  4  daya  later. 

(WWERi  That  may  be  a  meaaure  to  look  at  but  it  la  more  aophlctlcated,  more  coatly, 
anymore  time-conaumlng  th.in  our  meaaurea.  Thla  wra  a  field  atudy,  an  initial  looki 
and  aa  a  reault  of  that,  wo  did  not  look  at  it  any  more  deeply  than  to  aak  the  gueatlon 
on  the  gueatlonnalre  aa  to  whether  or  not  they  had  been  drinking  and  then  taka  a 
at  it  atatlatically. 

KBMHEDY;  Theae  wore  pre/poat  almulator-expoauro  meaaurea,  ao  you  would  expect  aubjacta 
to  have  diaegullibrlun  before  aa  well  aa  after  if  affacta  ware  due  to  alcohol. 


aomni  tn  t«(M  o(  hOM  Mny  tubjAeta  won  «laaaM«  «•  dl4  net  yattiar  then*  data. 
raiCli  davantaan  parcant  at  dpaeba  plleta  aaat  yXaaaaa. 

Qamtt  Savaataan  pareant  et  tba  ewar>all  papalattan  wear  tlaaaaa.  t  don't  knee  hoa 

May  la  ear  aMpla  had  eerraetad  vlaioa,  Pavaataan  parcaat  nay  b«  vary  aeearata  tot 

tha  aanpla. 

MOfcPli  I  aaa  intacaatad  la  whathar  than  weald  ba  a  hl^  eernlatten  batvaan  theaa 
wlu  vlaaal  ayaptena  flyiaf  tba  alaulator  and  tboaa  who  weia  qlaaaat. 

00mk>  I  can  tall  yea«  air  that  It  htrt  ay  ayea  and  t  don't  wear  plaaaoa. 

PklCt>  I  hata  a  coMaat  partalalaa  te  tha  «aaatlaa.  you  aagpett  that  yea  weald  aitpact 

a  Biph  eortalatlen.  1  weald  dlaapreai  aalaaa  there  waa  aeaa  prlaMtle  dlatortlea,  er 
anaaoaa  with  praatqrepla,  with  aaltlteeal  eerraetlen,  whleh  wa  didn't  havai  eerraetlwa 


riPltD  tPURtl 
i  (lUHS)  la 


It  Mata  they  flying  with  Intagratad  halaat  and  dlaplay  lighting 
'iha  alaalaterT 


OOWlkt  Abaelataly. 

WtlDHIFltO  tPKAKtht  1  think  that'a  whaia  year  peak  aye  attain  caM  frea. 


QOWBki  tha  IBAOM  eoMa  in  depending  on  tha  way  partlealaz  flight  acanarlea  In  tha 
traiung  ware  dona.  Per  theaa  In  tha  atadant  groap«  It  dapandad  apon  tdtat  they  ware  doing 
that  day,  whathar  er  net  they  ware  flying  a  dty  nlaalon,  or  an  all-night  iitialoni  aome 
^lota  aaa  tha  MOO  wlthoat  ragat^  to  day  or  night.  Som  aaa  It  a  lot  and  anw  don't  uaa 
It,  axcapt  at  night. 


gWIDkMTlPIID  SPKAKBki 
ai>oat  2i)  ninufcaa  or  Ij 


aaa  It  a  lot  and  anna  don't  uaa 


llgnlflcant  aya  atraln  haa  bean  raportad  with  tha  IHAI>SS  attar 


oowtkt  The  green  phoaphor  whan  cranked  up  to  high  Intaaalty  producaa  a  glare  and  a 
'fiaahbulb''  aftar-affaet.  Many,  I  think,  referred  to  that  aa  eye  attain  with  thu  IRADSS, 
Alao  tha  cn  depletion  eauaad  aona  aya  atraln  aa  wall. 

PklCki  Tha  tranaltlon  atudanta  had  prolonged  parloda  in  alnulator  training  unlrtarruptad 
by  aelual  flight? 

acanikt  that'a  correct.  The  atudont  avlatora  only  flaw  tha  alnulator. 

PKiCki  So  there  wa  have  a  group  who  flaw  a  nunbcr  of  conaacutlve  alnulator  flighta.  I 
would  be  eurioua  about  whathar  they  ahowad  any  additional  dalayad  aynptoaw  In  ceaparlaon 
with  tha  other  group. 

OOWBk»  I  don't  have  that  one  worked  out  aa  yet.  We've  looked  at  thoaa  data  with  Dr. 
kennady'a  people  in  a  aeparata  paper.  Wa  did  not  do  a  detailed  gathering  of  infomatlon 
poat-f light.  It  waa  anra  of  a  atrueturad  interview.  *Dld  you  have  any  problen?"  If 
they  wald  nothing,  that  waa  all  that  waa  dona.  Thoaa  who  did  naka  mention  of  it  ware 
noted  In  the  book.  I  think  wa  could  beat  look  at  that  with  the  NSO  aavorlty  aeoraa. 

They  conplalnad  of  fewer  and  fewer  aynptcna  aa  they  progreaaad  through  the  training  parl¬ 
oda.  Aa  X  renawber  it,  in  general,  thoaa  who  conplalnad  of  aftar-af facta  did  ao  In  tha 
flrat,  aacond,  or  third  aaaaion,  and  than  they  did  not  nentlon  eftar-ef facta  after  that. 

CHAIBHAHi  la  there  anyone  who  caraa  to  make  a  remark  at  thia  time? 

VIOLSTTBi  (In  French)  Notat  Cue  to  technical  recording  difflcultlaa ,  tranalatlon  from 
French  to  Bngllah  la  not  available. 

caAIWWIi  Thank  you  for  your  opinion.  Any  further  reMrka? 

PAKKBK:  We've  been  talking  about  aimulator  alcknaaa  in  thia  laat  aaaaion  and  attributing 
aflacta  to  aimulator  aicposura.  Tha  prevloua  apeaker,  the  pravloua  coomentar,  and  Alan 
Banaon  have  alluded  to  a  need  for  adequate  control  atudlaa.  Many  of  tita  probleM  we  have 
been  aaelng  may  alao  bo  aaaoelatad  with  the  actual  flight  onvlronrant.  It  aeeaa  that  a 
aarlea  of  control  atudlaa  ahould  ba  undertaken  prior  to  puraulng  what  could  be  vary  ax- 
panalva  flxea  for  aimulator  alcknaaa.  Secondly,  there  haa  bean  eaphaala  on  poatural  equi¬ 
librium  dlaturbance  after  aimulator  expoaure.  There  ia  a  aoclety  of  poaturography,  and 
there  are  a  number  of  loboratoriaa  both  in  Surope  and  in  the  United  Stataa  and  Japan  pur- 
auing  poaturography  atudlaa.  Thera  are  ao..e  very  nice  tachniquea  for  aeparating  out  poa¬ 
tural  dlaturbancea,  tecdtalquea  that  provide  tlie  opportunity  to  manipulate  the  viaual  aur- 
round  and  a  moving  platform.  I  think  if  we're  going  to  put  eaphaala  on  poatural  dlatur¬ 
bance  aa  a  function  of  being  in  a  aimulator,  pe^apa  better  tachniquea  ahould  be  aaployad. 

LAHDMiTi  I  would  like  to  aak  a  queation  of  both  Dr.  Banaon  and  Dr.  Kennedy.  Thia 
morning ,'  Dr.  Banaon,  you  gave  an  axtanaive  Hat  of  factora  that  you  aaaoclata 
with  aimulator  tickneaa.  Where  ahould  wa  put  our  dollara  la  looking  at  theaa  aimu- 
lator  aicknaai'  factora  Inaofar  aa  raaaarch  goaa?  Where  ahould  we  do  raaaarch? 

BBMSOMt  If  we  knew  the  anawer,  if  we  knew  what  wae  important,  then  I  think  that  work 
would  already  l>a  dona.  I  think  the  work  that  Dr.  Kennedy  in  doing  in  trying  to  relate 


•yaptoM  in  aikiulaton  te  apaeitie  ehatacMriaalca  ot  tlieaa  alaailatora  a^y 

naaal  aaa»  ot  tha  erltieal  (aetora.  I  paraonaliy  think  It'a  tha  natuza  and  quality  of 
tka  alaual  laaqaty  that'a  tha  anat  laiwrtant.  In  ay  llaltad  aaparlanea,  optleal  dla* 
tortlanat  lack  of  optleal  allqnaantt  tha  fact  that  tha  laaq**  kt*  collli»atad<  arc  fae- 
ton  that  ottan  aaaa  to  ba  anat  pca«o«atlua>  t  think  whan  you  naa  on  to  notion  baaaa» 
than  wa'Ko  in  a  difficult  area.  My  faallnq  la  that  la  cenhat  alnulatlon»  than  tha 
notion  kaaaa  ara  col:-  qlalnq  a  uaak  earleatura  of  an  adaquata  atlnulua,  a^'d  you  nay  juat 
aa  aall  do  without  a  notion  haaa. 

tt'a  pachaoa  not  apncoprlata  to  atart  by  oaylnq  nation  alcknaaa*  or  alnu- 
Ithoi^  dleltnaai  In  thla  oaaa.  la  polyaanic  and  polyayantonatic.  hut  I  baliava  tl  tt 
that  la  a  corcact  charaetarlaatlcn  of  tha  anauar  to  tha  quaatlon.  t  ballava  that  than 
ara  aeon  Inatancaa  whan  Indlwlduala  bacon*  alok  la  a  alaolater  faaeauaa  tha  alnulator  la 
bahavlnq  Ilka  a  ahlp.  That  la»  tha  alnulator  haa  aubatantlal  anarqy  at  0.1  Ha  and  pacpla 
baoono  alck  for  uhatau*^  raaaon  people  bacena  alok  at  aaa.  Altarnatlvaly.  than  ara  ooitdl 
tlcoa  MhOM  pllota  hate  built  up  a  eondltlcnad  ccapanaatory  raapenaa  ao  that  they  no  lonqar 
an  bothorad  by  tha  aanaory  faawadt  they  noalua  fre*  tha  aircraft  nanauvan  they  Inltl* 
ate.  Thaaa  pllota>  placed  la  alnulaton  for  nalntaaaaca  tralnlaq  or  nfnahar  training 
(which  nay  ba  flaad-baaa  or  novlng-haae) •  now  racalua  uaaHpactad  aanaory  feedback  baaed  on 
thalr  adaptation,  i  don't  ballaua  tha  people  who  In  tha  fltat  eaaa  got  alck  at  0.2  Ha  an 
getting  alck  for  tha  aaa*  naacn  aa  tha  pacpla  who  an  getting  alck  In  tha  aaeond  eaaa  aa 
a  nauit  of  adaptation  and  conditlonad  eonpanaatory  naponaaa.  Alao,  dlatortlona  in  tha 
ulaual  aeonary  enata  cue  conflict  probla*a>  a.g. ,  lack  of  eorreborallcn  of  depth  cueing > 
dlatortlon  due  to  lack  of  eolllnatlon,  thlnga  out  of  allgnnont»  ate.  t  don't  think  that 
tha  aleknaaa  that  oeoura  la  tha  third  eaaa  in  tha  aaa*  aa  the  other  two  eaaaa.  Thantora, 
tha  aleknaaa  -  tha  ganaala  of  tha  nroblaa  -  la  H*rka41y  diffannt  In  tha  three  earaa. 

Alao,  I  think  that  than  an  axaaplaa  that  could  ba  of  farad  where  the  uciaiuluB,  it  you 
will,  la  not  tha  a«Ba  for  all  of  thaaa  people,  i  tnlnk  tha  aaa*  thing  ia  true  ter  tha 
naponaa  HMChanlaaa.  8c*atia*a  wa  a*aeun  aye  atraln  and  wa  uaa  thla  aa  a  algn  of  aick- 
naaai  aoaatlaMa  wa  a*aaun  gaatrlc  upaat  and  uaa  thla  aa  a  algn  of  aleknaaa.  i  would 
aay  ahould  apend  ann  effort  on  how  wo  will  charactariaa  tha  atlaiulua  and  how  wa  will 
charaotarlaa  the  naponaaa. 

McCAttM*!  I'm  part  of  a  naaareh  taaa  looking  at  Uta  flbar-optle  hala*t*niountad  dla* 
play  iha^  waa  built  by  CAD,  which  haa  bawn  aontlonad  aarllar.  Thla  alnulator  la  about 
to  go  operational  at  HASA  Aaaa,  Thanfon,  X  waa  vary  intonated  to  aaa  whst  tha  Air 
force  had  to  aay  in  tha  paper  that  wa  didn't  hear.  I  wondered  if  wa  have  Air  force 
people  with  intonation  about  that  aaa*  halaot-nountad  dlaplay  whleh  la  in  uaa  at 
Nllliana  Air  forea  haaa. 

DOPfEwti  Th*  author  of  the  paper  ia  not  available  and  tha  data  that  wa  have  with  ua 
an  not  of  autficlent  eharaetar  to  provide  a  ocaiplata  anawar  at  tha  pnaant  tlno.  with 
tha  flbar-cptie  dlaplay  aa  uaad  in  the  Rumui  HaaoureaB  laboratory,  than  have  bean  aea* 
eonearna  nlatad  to  tha  thlnga  that  have  bean  dlacuaaad,  naa*ly,  colllmatlen.  optical 
aligna*nt,  and  ao  forth.  Then  have  bean  aaa*  ayaptoa*  of  t'ltigua  or  aye  fatigue  and 
ao  forth,  but  that  la  part  of  tha  dlaplay  davalopuent  prograo.  1  foal  that  tha  atudy 
doaa  not  have  a  population  large  enough  to  pnaant,  or.  Xallogg  la  not  available  ao  the 
Ba«ll  data  pool  that  wo  had  initially  coaawnted  upon  ia  difficult  to  daacrlba  in  a  nad 
paper. 
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OuMRtwI'tc  wpdiliteRiRytaofRi  — 'PWlklwiytiiiwlMwtbwtippHiJmiw  tnian  wd  >v»Aiwto»  offlithi  riwincf 
phiflwn  OMiok.  A*  QpIlHBl  tiBMilMQf  MwHoB  ooiWnt  jljdnUwft  Ail  bpm  yiiwwrf  lo  lisp  vpdof  dUSupncp  btiwpcp 

HWiliwdMSitwIiiwiItt  iwRwiSlii  ai|>>  md  toiiwilrtw  TlMa«iik*cQi)<roll«iHttbtMinriiiiKMidMtiwMiiM 
otiiw  Vwocpl  MoiIn  ttDulMor  m  KASA  Amp  Riiwrcfc  CMHr  Md  tvahmed  uppKmMMUy  dratli  —Mwwm  ef  ptlM 
wiRpipppii  Mid nil>| RmIh  VTOU  Plwtift  iilnwhiUnw  lngiMnl  r»ia»  ptifamnno  tii  pbiulMdtiiil  ifpcidm  Mat 
(toH—ihw  IBRte)  dw  HOI  wptm  w  b«  wiWpp  w  pmIpBom  t*  p>»rfona  awdwi  coiidiiioii  m  kr^  m  wodon  «m  pfwww.  Howevti, 
pUm  cMBpcmMm  ipqidwd  to  Bctfcm  dw  Mghi  mki,  m  i«fl«cMd  ia  Oaawr  llaipir  of  vckkii  handUnt  qaaKiies  and  da: 

wactamtaMMaraNna  fldukp  by  Baaaiafaiada|tcalide.''l|acdtoM*ptopoar,aKTiiemiiivttoaMaiaacaa«aUcrdcw|a. 
HaitaM  toMliiB  iMNiid  wtdi  dN  afiknai  rnadM  eoaMitorwaa  toad  to  to  itMMly  nqtoaalaM  10  dal  laMiaMd  by  coatoattonal 


Tbt  aadbntarnodili  btto  baa  utt«l  n  cvaha*  dw  aadtoa  lldaiiiy  of  AMport  cMBgaiy  afacnfl  (Boaiai  TJ7)  dmvladon  in  a  pika 
pwfwiiaaii  ad  daibam  i  naalillto  wady  «  Ra  Mia-Vahicit  Syaaa  Raiacb  Pbaby  aiNASA  Amtt  Reiiah  Oaa.  Eiplimn 
abUapMii».ciaw>lyaybntoiB-TTf.a>aa|ivaiaMriaofftldbiMatoioibidiadHa>lMBradtotorij>ti  cadldoaoddnaJaior 
■ndoa.  Tbe  icaiiloi  tap  cboaa  to  lafltci  ib»  flipbt  nawinian  da  daw  pUoa  wt|>d  attaw  »  ba  gtaa  daring  a  wata  piloi 
HoflciiKy  divi^  FtIfH  wrfBnuiHrt  mmI  tittM  nf  rigtilwfif  ftiltHiy  fwrtYtfr  to  tht  hwhiwi  cwiditiott, 

Iwy  CjU  Mtytitttdt  of  wpto  TkH  licit  of  mijr  b»  ejq)toiaed  by  iwim  of  d»  vtMtbulw 

iHDBrtta  wlwli  pif^lct  Unit  Ir  wodclRd  Modcn  MMuioMof  As  pitoft  WMS  ACAnm  Hmtos  CDwAtiosR  Hs  knpQn^ 


trmoDuniQN 

Iba  wcaffHgbiBMalabaaatoottarpikanwaiig.  catUkadDn.  aadfli^cantralivaittodtMlapinaibaiacicataddmnaiicalh 
inracaMyean  uiba  aa«iaMdiacbiiai>>|y bubecutpanMnaMphiintMM.  TnibauiemihMihapilMmakuttwafvitHal,  auial, 
taedle,  f4»d  naaion  ova  bi  awciaft  cotmol  ii  is  aaccwaty  »  reprodwa  tboae  cue»  nccarMely  in  tbe  Mnmkay.  A  (andamnaal  qwiiian 
cancanw  bow  MBCb  rnpinacrint  and  ptyclmtoiicai  fhWiiy  is  nacasMiy  to  pradnca  the  ume  pilMiaa  babtvk*  ia  Iba  linadaiar  ai  dial 
nbaarvad  araaanad  in  dw  aciual  aircraft.  It  b  racopaiaad  da  dm  fldeliiy  fn9tttf<!inamsofiiiniilaianasndtorlli|hiiiainin|a>ill,  in 
fsaaral,  diftor  non  ikoaa  and  kr  laaaiiab,  Oaca  dnae  laqoiramcati  bava  bean  aiiabilsbad.  boaravar,  ibo  anadawr  dwifncr  mua 
torida  bow  baaito  pacania  dft  anas  da  anbanoa  fidaNty. 

Undar  canaM  lanlndoai  of  iba  Paderal  Aairioa  Adadaiamioa,  all  liiwiiaiQn  naed  for  dvil  aimaw  uainini  ariibia  dw  U.S.  wa 
iaanbndtoto«ifida«laa«iAiaadadraaioritoadaa(DOF)orplaAaininoiioa.  Sioailaion  und  fcr  taddai.  baaiMoa,  and  tygirada 
intaiadiidcboekiafmfOdidNdtobmaMidaDOPplidiMBnodoaiyawM,  IbataqobainaaRTplaitewoMDdoaiarwiaaiibly 
baiadAibaiiaatopwoadapbyaicomdiliiy iibl|RtoaowalaaaaddiiraintoiaWiadaanBii  SteoabanAtoacrpa^rofModoainw 
da  aaa  (daaa  taaalndMil.  dnaa  anpalirt.  b  b  biwitod  dai  dw  abaaaoa  «  toodon  in  dw  liiwdaicr  wonid  atoadllcnady  ladaao  tia 
baiainp  oModvanata.  AbbonpbnndadoidailacondlMordittonflnnddabypodMit  f  a  cMI  VMMpon  onmdona.  baiiiii«  awilbr 
toidlaacondawadAainAlodMionandadlltoydnbda|datolMondaao«iappoTiddiaaaa»don(Wto|.»tl).  WIdIa  ii  ia  «|aaMa 
dwt  Iba  toodoa  byatotos  to  ibaaa  aiadlaa  wars  of  dw  blpboat  qaaiity,  tbo  abaanoa  of  owdoe  afhda  acaoaa  neb  divano 
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nOUUl  Mock 


lUulMf  Am  lit  nodilt  bMid  ioMy  Hpott  iIm  Mckuilcs  of  tbv  vfliliMit  tnd  Qfim  wtclMiiici  (t 
BanMidwa.,  IMBkarHomtlMnMftr  Awcdoa le pwtwdow of ipaHtl oriwiiaiow  («.i.  YauM  tad 
«t  dMOM  b  owifloy  modth  wImm  oatpiH  nflecn  dtt  lypKal  fMni  tMt  of  ilw  vosdbiilir  kfltmM  iw 
idy»irii  to  dm  vouibttlvtffimMnmtnMtotnnioitlevtMladicuia*  of  dw  pcmadoo  of  >i 
dyimniBtof dMmmdiodoi  ofimdiHdcw  ovtMlillltlKdic•li^Rakkmoiat^o(Mrialw•lM^MlltlyttM 


gf  m*^  aMMMlM  aioM  Im  ptfcli  rngt 
Mn:  O^^iStmAmi  ^■.OWnmK: 
rg— I  mid  OtajUkmMw 


I  (*4-  SMiokunm.  1931;  vm 
ad  OtoiB,  19fi9‘,  Yoaaf.  1974): 
aeuna.  The  ndoatle  to  dili 
tpMii)  OtivMUMMI  bccftmt  titt 

Nta  M  htoiidid.  Then  ii,  of 
Un  ceami  aervow  lyiiib  lo 


Hom  iaidw«lawahayaaperiaieattof^iaeailiiaodOe)dbaii(l9Tl.  197d),aadaiaaitwMda>bea  iwtaaeUc 
dMMofiMhaBMa.  Ahfciclt  aigib  of  be  todaloriiaiattoaMida>tdi|de«idiaFttyw3toltBiarMcalim(oB 
d  Mil  (iui|t)  ead  Mfotar  eatociiy  ia  pitch.  SheiliraodehMCoaflnKttdtoaaodoaladwodmtwoiiacaraad 


oadMloagtodlaal  Mlt(iui|t)eadMf«dar  eatociiy  ia  pilch  Siieiliraodehmcoamcitdtoaaoiioaiadwodwrtwoliacaraad 
two  Miatar  amt.  Aaialar  awtiea  ia  pitch  U  teated  by  the  lemicircuUr  ctaai  at  aafular  iccaienHioa  tad  by  the  oiotiih  at  aa 
appaicai  chaapa  ia  body  toca  dot  to  ne  tatidar  diipjacaanat  of  tba  invity  vtcbr.  Acaadly,  the  coupliai  of  pitch  aniaide  to 
thaoioiith  vMiet  at  the  tiM  of  pitch  aafie:  aMtatoe,wa  awke  the  hbw  pitch  aafie  appmwimaikM  loptaacrvedieliBeariNofoar 
nudcL  The coaptiai hatwaaa  tbapeicaiwidUaearactelaitiioaaBdpiichaatiaaiiaaaiabyibaoioUihaiaaa  iiaxploiied  iaflipht 
thaobaBraaattodetiiabytatiaidbtiBaiiawr  cab  (d-dlOtitCTBattthciltoioaofwiittiaadliaaaracicalciattoa. 

TbaatlaafatrhinodelwaiadjuiiedKihaiiiiaotpMitaaaverasa  awmatiiedfinni  taw  of  the  vestibular  affleteniacutDacurourd  in 
drataaid  amo.  iha  aonnalidint  totor  (cm  threshold  uidticonespondau  the  kvd  of  aafulHvclociiy  ot  liaew  accakraiiaa  that  it 
JtK’patctaiiibleioapilot  pattondai  fUght  taika  in  t  liiiiidiiQr  (Hotniaa  lad  vaa  dar  Vatn,  1971).  SiiapUncaiioa  of  the  model  was 
achieved  by  abndnaMtdtmmict  that  warn  well  outtide  the  capabUitietofexitaniffigbiiiiiailaiorBHMioasysieBHiej.  the  .003  sac. 
dmt  hg  tana  coaiiaM  M  dn  temicircuitr  canab). 


ornna  washout  svniM 

Oivaa  tbcUaaarvatdbaiarmoddaiiioot.  wa  an  hbia  to  addnu  the  dttipi  of  lUghi  liaaateior  atodoa  drive  logic  at  w  opiiiaa. 
oaaaol pMbtoa (Sivaa  aiaL  1992).  IhaMracMnoftbaoptimaiwariwnttyiiHBitdwwaiaHtan  3.  The  hmit  ofthadai’ga 
laehaigaaiidMattaafitoiihailbaodli'v  and  aBoaptability  offHghtriwtiilitomoiioaitoptiBdmdbytBiBiiidiii^iheoKpactBdvaiiia 
of  tba  itiain-tipiaieipaiiBloriaamionanartacaiapiHodby  the  modrlgwaadwphyriGalcoMnianordtarismanrmodaobaia.  A 
waighled  gaadtadcoptindaMioaoatitoKriDaal  it  tomadlarcQtnbiaingacitBb  vector  of  the  varial  oriaatadoa  laodei  with  the  state 
vecioRofibtaiicnftnaodalaad  the  liiaatoordyaaiaict.  ThaoiamMiitofikawaighriagnnBixmeatsitBtdaptioribaiedupon'he 
desbadinaitlntBmvafciat  of  sfi!rial  oriaatadoa  anor  and  titaaiator  motion  piattomaccalwitioa  and  Bevel  Aircieft  moiiam  restiltiiig 
(iompilaiiapiiiiaadeMeinaldiriutbaacatanmadaladwtniidompfOGettwiUiaraiionaiipecael  daaiiiy  that  can  be  tdjiisted  by 
meant  ofathapinafllier  to  ranch  the  Mriicular  aitctalt  and  tango  of  expected  (light  tasks  (Zarchaa,  1979X  Iha  motion  comoUar  is 
thantya*aaiaadQlr4Beeaingstandaid  linaarquaibeiic-Caiisriap  optimal  ooaOolBiaiboda(XwakeiBaak  and  Sivaa.  I972X 


I  Unaar-^undriiic-Gausiiap  optimal  ooaOol  maiboda  (Xwakrraaak  and  Sivaa.  1972). 


FXHAII4  NASAABwattmRhrsMirVanicriMoliaaSkaahlor. 
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vaudahon  of  ofhmal  washout  sYsmi  m  vtol  simul  'tion 


In  in  Menipt  to  viUdatenir  model,  we  hive  ued  die  oetfanel  cooinl  dedin  tedm^  to  emdnce  amodoowidiouiiysiemfbrtwo 
ofdie  dx  d*|iees  offteedom  (nlt3hibdtw|*)<dd<9  VenlctdMoiioaStma)uar(VMS)tt  NAiiA  AmetReieeich  Center  (Hgiat  4). 
1IiUteUity,aeti|nedHii]iiriIylorVrOLiimuliiioi»,  hei  a  load  vertical  oaveleivabDily  of  Idmaada  total  hctiaonud ittvel of 
dm.  Fordie  potpow  Of  the  validation  rtody,  thedaolatorGab  waaiDiaied90defneiiDtliiitiiBlon|ltiidtnal  axiiofthe  ooclqiit  wu 
aUiaed  with  dw  horiaontal  tmdtptovUinf  aliiUdmofitavel  in  the  nine  dhecdon.  The  aiiciaft  ttanhematical  model  selectedfnr 
the  eitperitnenod  evahiadon  wastwofa  vectond-dmMVTCX, vehicle.  The  vddde't  miaftrAnGtlanindie  pilch-ioi|e  directian 
iidepictedin  PigineS.  It  includes  paiameten  that  model  aerodynamic  dni|(tl),  damping  in  ptidi(t2),  and  ccnttMiyMem  delay  (i3). 


Q-nuonroMMPur 


t,.aeM 

I }-  a.ei  no 


FlliaeS  vnx,aiicnlleaBdttflactianiiaediii VMSiaoiloauidy. 

’n  order  to  assess  the  sensitivity  of  our  motion  drive  logic  »  iu  dedm  parameters  and  compare  the  experimental  »stem  with 
esublished  washouts,  silt  different  wcsbout  systems  were  developed.  Three  versions  of  the  mtimal  washout  system  (OWS)  were 
synthesi',ied  by  choosing  different  values  for  the  weights  in  the  quadratic  cost  funcdonsl.  Tbeiintt,  OWS  Nominal,  was  desired  to 
make  maximum  use  of  the  simulator  motion  base  travel  and  plac^  equal  weight  on  the  modeled  otolith  and  stmiciicular  canal  errors, 
relative  to  their  thresholds.  The  second,  OWS  Decreased  Osin,  was  generated  by  placing  large  weights  on  platform  motion  stttes  as 
compared  to  the  computed  orientation  error.  This  washout  was  designed  to  make  use  of  approximately  half  of  the  VMS  platform 
horizontal  travel.  The  third,  OWS  High  Otolith  Weighting,  was  synthesized  by  placing  twice  the  weight  on  the  orientation  error 
contribution  of  the  modeled  otolith  response  as  that  placed  on  the  orientation  eiror  contributed  by  the  semiciicuW  canals.  In  addition 
to  the  three  motion  drive  systems  synthesized  by  the  opdmizatior.  technique,  duee  veisions  of  the  motion  controller  cunently  used  with 
the  VMS  were  implemented  in  die  pitch-surnMes.  Ail  three  were  of  the  crossfeed  type  as  designed  by  R.  Bray  at  NASA  Ames 
Research  Center  and  described  by  Suiscori  (1^).  The  first,  Ames  Nominal,  was  nined  by  di:  d^gner  to  make  maximum  use  of  the 
simulstor  motion  travel  given  the  types  of  flight  maneuvers  anticipated  in  the  nidy.  The  secondi,  Ames  Decreased  Cain,  was 
modified  to  reduce  the  horizontal  travel  of  the  simulator  cab  by  a  factor  of  two  by  reducing  the  gain  of  the  linear  washout  filter.  The 
third,  Ames  Increased  Omegu,  was  generated  by  Increasing  the  break  fiequency  (c  nega)  of  the  high-pass  washout  filter  in  order  to 
decrease  the  low-frequency  content  of  the  simulator  motioit.  This  has  the  effect  of  decreasing  the  travel  requirements  of  the  simulator 
without  attenuating  the  smplinide  of  the  high  frequency  motion. 

The  response  of  each  of  the  six  motion  washout  systems  as  implemented  on  the  VMS  ate  compared  in  Figure  6  for  a  single  dash  quick- 
stop  maneuver.  In  this  maneuver,  the  aiicraft  is  pitched  nose-down  to  accelerate  forward  to  a  given  velocity  and  then  pitened  nose- 
up  to  decelerate  rapidly  to  a  stationary  hover.  Identical  pilot  inputs  were  given  to  tbt  iicraft  mathematical  model  for  each  of  the  six 
washout  systems.  For  each  motion  drive  system,  the  measured  simulator  displac  "'i,  computed  otolith  error,  and  computed 
semicircular  canal  error  are  plotted  vs  time.  The  time  responses  of  the  Ames  washoi  -characterized  by  extremely  low  otolith 

error  due  to  the  fact  that  this  washout  system  placed  emphasis  on  the  coordination  ol  tilt  of  the  simulator  cab  with  longitudinal 
acceleration.  The  reduction  of  washout  filter  gitin  in  the  Ames  Decreased  Gain  case  produces  the  pitied  e^t  of  a  lower  umulator 
horizontal  displacement  T  his  is  achieved  at  the  expense  of  a  slight  increase  in  the  computed  semicircular  c^enw.  A  similar  efiect 
can  be  seen  for  the  Ames  Increased  Omega  washout  The  OWS  Nominal  v  ashoui  was  generated  vrith  equal  weighting  on  otolith 
and  semicircular  canal  error  in  the  cost  functional  and  this  is  reflected  in  tV-  balunce  between  the  two  errenfer  the  dash^uick-siop 
maneuver.  The  OWS  Decreased  Gain  washout  commands  a  smalla  simulator  displacement  with  veiv  little  change  in  the  rolled 
otolith  and  semiciieular  canal  error.  The  OWS  High  Otolidi  Weighting  washout,  designed  by  placing  Mgh  weights  on  the  computed 
otolith  nror,  generates  otolith  eiror  that  is  only  slightly  less  than  that  product  by  the  OWS  Nominal  washout.  This,  combined 
with  the  observation  that  the  compu'ed  otolith  and  semiciiculur  canal  errors  do  not  change  significantly  when  the  simulator 
platform  travel  it  reduced  by  the  OWS  Decreased  Gain  washout,  indicates  the  existence  M  an  app'.Hit  insensitivity  of  the 
tqitimization  equations  with  respect  to  the  oiienUtioneiTor.  The  insensitivity  of  optimal  controller  pertcrmance  to  changes  in  the 
weights  of  certain  components  of  its  cost  fu.nctional  is  commonly  encountered  in  optimal  controller  design  (Kwakeroiak  and  Sivan, 
1972)  and  may  be  compensated  for  by  placing  larger  weights  on  those  components  and  their  time  derivatives. 


FIGURE  6k.  Response  of  Ames  ennsfeed  snshoul  system  lo  a  single 
duh-qukk-slop  maneuver. 


FiaURE6b.  Responso  of  optimal  svashoul  system  (OWS)  Ion  single  daeh- 
(|ulck-8top  mincuvci. 
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VTOL  SIMULAITON  MBinODS 

InciilertodBtmineiheefltooreadiofiiMttaiDoiiaawuhotttqitirnit  iqwii pUot  peritonmce ind rimuhior «ccaittMlity.  aicries 
ofewliiMtoo  wMitoMmi  wepwftwMdMlinHwVMS.  BDurNASAi*itpUonpiRicip«Kdintlwttady,iIlarwiiomw«mciRent 
UiVTCXaiRnACilmakMlniMiiivtMpaiimlB  fte  VMS).  Bach^Mbjmwuiivn*  ttawikkir  aiiiUiiinik)ii  lulpnctice 
iMtkn  IbUowad  bytwo  MD^  nua«MiiaBt  of  appraioMwly  SoiiaMUMEb.  Pwiiii  e«ch  *xprtin(Biil  itwion,  Ae  pito 
oMoa  coadtSoiw  Ibod  b^HtaddneofiMiiit  wailk.iui  dNcHbtd  above.  TbeonkrofpnseataHoaor 
the  iMlkeeaadWouwuiiytHMdftireMhNtjectwAatdw  effect  of  teanlni  could  be  aneaaed.  Ibe  nnall  number  afwbtects 
MiedprKladedacaai^oeimiirtielaaciiiiofaUm^  oondMoit  to  aodipeuaKfiirleamliw  effects;  bowever,  leiniing  piovea  not 
to  be  a  ii|BUIcaat(hctar  lathis  study.  In  each  case  that  the  motion  base  was  active,  all  six  degiees  of  motion  fieedom  were  used; 
however,  on^  motion  ooinol  in  the  |iiiA  anil  wtrge  axes  wen  manipnlaied.  Ibe  other  four  motion  axes  wen  controlled  bytheAmes 
Nomiaal  washout  thnujAout  the  expenmem.  ArMrapeiioii  ofwaiwHip  fll^t,  each  pilot  perficnned  a  ftxmatioo  flight  task  in  which 
a  lead  VT(X.aiienft  was  placed  in  the  visual  scene  33  meiea  in  front  and  slightly  to  the  left  of  the  simulator.  The  pilot  was  instnicied 
to  nminiiia  his  aiicnft  in  frmaAm  at  a  fixed  distance  fremihe  lead  ahoaft.  During  each  73  second  trial,  the  lead  aiicnft(wiA  flight 
chaiacieristica  identical  to  the  simulaiedVTOL  altcnfr  piloled  by  the  subject)  was  subjected  to  a  pseudo-niidom  pitch  disnnbance 
noduced  bv  a  sum  of  five  sinusoids  of  equal  amplinxie  at  frequencies  afO.237,  0.313,  0.770,  1.13,  and  1.34  radians/second. 
Outing  the  fbnnatioo  flying  task,  ihetelattvepoainansofihelead  aiictaft  and  the  simulator  wen  recorded,  u  wen  the  pilot  control 
inputs.  At  the  end  of  each  trial,  the  pilot  subjeca  wen  asked  to  give  a  lating  of  the  aircraft  handling  qualities,  as  presented  in  the 
rimulator,  acoordiiM  to  the  Oooper-Haiper  rating  scale  (Cooper  and  Harper,  1969).  After  four  trials  of  the  formation  flight,  the 
iiiMiiixinr  wasrodaitialixedat  an  altitude  of  10  meten  above  a  simulated  canyon  scene.  The  pilots  then  performed  aseiies  of  dash- 
qui^-siop  maneuvers  and  sinusoidal  pitch  oacillatoi  maneuvers.  At  the  end  of  these  flight  tasks,  they  wen  asked  specifically  to 
latethe  motion  of  the  aimulaiar  using  a  seven  component  tadng  system  designed  for  this  putpoeefsee  Tablet).  Themotion  rating 
scale  uaed  numerical  tadiM  of  smooihn^  sense,  asnpKmde,  phase  lag,  mseemfett,  and  disorientatioo  as  w^  as  an  overall  rating 
of  the  motion  relative  tolwedbaaeoperarian. 

RBSULTS  CP  VTOL  SIMULM10N 

The  instruedoas  given  to  the  pilot  subjects  were  to  maintain  relative  position  during  ihe  formation  flight  However,  due  to  the 
difficulty  of  judging  distarce,  given  toe  limitations  of  the  visual  scene  and  the  33m  separation  between  the  lead  aircraft  and  the 
siinulaiar,  the  teliSlve  velocity  proved  to  be  a  mote  appropriate  measure  of  petframance.  The  velocity  difference  between  the  lead 
aiimaft  and  the  shnalaior  was  coitqiuled  as  a  velocity  error.  The  performance  cf  each  pilot  was  scored  by  computing  the  variance  of 
the  velocity  emr  and  leoctding  this  u  a  Velocity  Error  Score  (VES).  The  variance  of  the  velocity  error  was  used  feu  the  VES 
instead  of  the  root-mean-aquatevmocity  emr  to  eliminate  the  effect  of  a  steady  state  velodw  error.  For  this  reason,  the  VES  is  a  more 
appropriate  measure  of  the  ooii^tioo  of  the  velocity  of  the  simulated  VTOL  airaaft  and  the  niget  aircraft  Despite  the  act  that  the 
^ots  were  iiighly  trained  in  VTOL  aircraft,  their  jmormance  varied  widely,  eliminating  the  pt^biliiy  of  combining  measurements 
across  subjects.  For  illustration  in  this  discussion,  data  uJten  from  a  single  pilot  (Pilot  #3)  is  presented.  The  oEservations  and 
conclusioos  drawn  fiom  this  data  are  generally  applicable  to  all  four  pilot  subjects. 


AlTflIBitfE 


HATIHO 


auooTHNiaa 


wmN  ■  eawuiAiu 


■mnutv  JiMT 
uar  or  mtiMiiwi 


aaiiaf 
AUaUTUOl 
aHAW  un 


m  ueiWH  nmiMio 


TOTAU.T  imlMtO 


tluT  eoocTin 
AT  LIAAT  tW* 


oiacouaonT 

aiSOniUNTATION 

OVaXALL 


RTMauT  roe* 


TABLE  1.  Mttlti-AUribMo  metioa  lallni  scale. 

The  velocity  error  scares  for  Pilot  #3  given  in  Figure  7a  indicate  that  Ihegruiest  differences  in  tracking  performance  occur  between 
^ed  baae  wd  and  one  of  the  modoo  oooditions.  The  diffotences  in  tracking  perfonruuice  when  motion  cues  were  present  were 
relatively  small.  The  effect  of  learning  on  tracking  performance  is  also  quite  small  as  indicated  in  Figure  7b  where  performance  is 
plotted  agsinstthecitoofneseatatiaaofthe  individual  morion  cooditioos.  The  foot  that  pilot  petfotmiince  appears  to  m  robust  in  the 
presence  of  significantly  diff^t  motion  conditions  is  a  limitation  inherent  in  the  use  of  perfumance  alone  as  an  indicator  of  motion 
fiddly,  particifouly  when  highly  skilled  pilots  are  used  as  test  subjects. 

In  order  to  examine  foe  effects  of  motion  conditions  on  pilot  control  behavior  a  pilot  describing  function  analysis  wu  performed. 
Using  the  disturbance  input  to  the  lead  aircraft,  die  pilot  cyclic  jiitch  inputs,  and  the  model  aiictaft  dynamics,  the  linear  portion  of  the 
mkx  ouattol  leqionse  was  reconstructed.  A  typical  fiequenc>’Tes|mse  ploi  of  the  open-loop  piloiAiictaft  dyn^cs  is  presented  in 
Fjguie  8.  ThechatMieristics  ofthis  plot  are  representative  cf  all  pilots  and  alt  oonditions.  Thedeciease  in  system  gam  (20  to  30 
dEMecade)  in  the  vldnity  of  the  crossover  ftequen^  (approximstely  1.3  ndianVsecoiid)  is  consistent  with  previous  obMrvadons 
of  human  control  behavior  (McRuer  and  Kiendel,  1974);  however,  the  eomrated  phase  angle  lemrJns  in  the  tegioa  of -180  degrees, 
indicatiin  the  pteaenw  of  strong  closed-loop  instibiliiy.  The  fact  that  the  petfotmancedalx  show  Aat  the  pilots  were  able  to  stabiUae 
the  aitciw  during  the  fermadon  flying  task  appears  to  counter  the  notion  of  instability  implied  by  the  linear  pilot  describing 
flinctiHi.  The  reason  for  this  disciepaocy  may  betbat  a  lioearoontiol  model  is  not  applicable  to  the  piloting  of  a  vehicle  with  hi^ 
order  dynamics  (Young  and  Meiiy,  1963).  The  presence  of  non-linear  control  behavior  is  cooristent  with  low  ti^-to-naise  ratio 
(lAcniiaiit)cfthe  pilot  describing  fiiiictioa|eiMnisd  fiom  the  data.  Overall,  therewereno  reliable  differences  in  to^ot  describing 
Aiactiixi  atneng  the  motion  ocadiuoiis,  inclumng  fixed  base. 
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FIOURB8.  FravNncyn^mneofoiien-knppUoi/iJKnftilTnimica  HOURE9  Pilot  ndnii  of  vehicle  hnndling  qunlilies  v>  motloa  condlliOB 

eneiwa  dmiin  ionilniJliiil  tticMng  imk  (fanmion  night).  duilni  longltniliMl  ncl^  task  (fonnihoa  01|hl). 

The  level  ot  pilot  contpeauiiaii  required  lo  petfonn  the  fonoaiion  fl^g  tusk  for  each  of  the  motion  conditions  is  reflected  in  the 
Oxm-Haiper  radnn  presented  in  Figure  9  («  high  Ct^r-Hsrper  rsting  reflects  poor  handling  qualities).  The  relatively  high  (4  to 
6)uiaper-HatpertaanpgivenfQrthe  handling  qualities  of  the  sifflulator  in  the  fomiadon  flying  task  indicate  that  considerable  pilot 
cotnpensatioo  was  required  to  achieve  adequate  task  petfonna.tce.  Differences  inrequm  pilot  compensation  among  motion 
conmtiQiM  appear  to  be  ime  sigitlficaiit  than  differences  in  task  performance.  The  slight  correlation  (R  •  0.61)  between  pettWiance 
and  the  Cot^et-Huper  teting  assigned  Indicates  that  pilot  compensadon  may  be  a  man  aensldve  measure  of  the  role  of  modoa 
cues  in  the  formation  flying  tw.  the  Ames  Noittinnl,  Ames  Decreased  Gain,  and  OWS  Nominal  received  equal  ratings  (CH-4), 
indicating  that  the  amulator  requited  less  pilot  compensadon  to  fly  with  these  washout  systems  dian  it  did  under  Fixed  Base  ((V-S) 
The  Aloes  Increased  OnoBga  and  OWS  High  Otolith  Weighting  (CH-5)  were  judged  equivalent  to  Fixed  Base  and  the  OWS  Decreased 
Gain  iC'I-6)  was  judged  poorer  than  Fixed  Base. 

The  latings  given  by  Pilot  #3  of  the  motion  condidons  by  means  of  the  scale  given  in  Table  1  are  presented  in  Table  2.  Ingeneial, 
there  was  some  correlation  (R  •>  0.72  to  0.91)  for  all  pilots  between  toe  Cooper-Harper  handling  quality  rating  asaignra  to  the 
formatioa  flying  task  under  each  motion  oonditioo  and  the  overall  rating  of  limuiator  motion.  Pilot  #3  riM  all  washout  system  equally 
on  die  ovetsdlseale  with  the  exertion  ofthe  poor  rating  of  the  OWS  Decreased  Osin  washout  The  OWS  Decreased  Gain  wuheut 
oondldon  also  received  the  paorcst  OaaM-HarperntuigfoomPUoi#3.  The  deficiencies  in  motfon  anqiUtude  and  phase  lag  (the 
phase  tUfferenoe  between  the  modern  of  ore  visual  scene  tnd  drat  of  the  motion  platform)  u  reflected  in  the  poor  ratings  asdgned  to 
thoeeconqiooeiits  appear  to  be  the  mi^ccMtilbuiars  to  the  focmulation  of  an  overall  motion  iatlngbyPllot#3.  On  the  other  band, 
tbemotloo  ooaqrooent  ratings  given  to  Ames  Nominal.  AmeaDecieaiedOain,  andtheOWSNondnal  were  sigidlicandy  different, 
yet  the  overall  tMoottdiigs  and  the  Cooper-Harper  ladnga  given  to  thorc  same  condidoni  did  not  differ  from  each  other.  It  would 
appear,  therefore,  that  the  direct  asaessaeot  of  the  platform  mown  by  nreena  of  a  muld-coomoneut  scale  la  more  sensitive  to  changes  in 
motion  oondltions  thaudieeitimationofvehiclshindUniquaUdesby  mstna  of  the  Cooper-Haiper  scale  or  an  overall  subjective  ra^g 
ofthesimulaSDriiMdon.  In  general,  each  pilot  exUbiied  a  difforent  correlation  between  ccmptwenia  of  the  mottoa  ruing  scaleaiidthe 
overall  motion  rating,  indicafing  consideiable  betwsen-subject  variation  in  the  aasessment  of  each  coiwooent  ot  siiiaiilator  mo^.  Ttds 
difference  among  individuals  makes  comparison  of  ratings  across  a  pool  of  pilot  lubjects  quite  difficult  A  siinUar  efiect  has  been 
ob^ed  for  the  subjeedve  rating  of  menud  wotkloed  and  techniques  exist  to  reduce  die  betwm-subject  variadoit  in  workload  ta^s 
(Hart  and  Staveiand,  1986).  These  same  techniques  could  be  applied  to  the  motion  rating  scales  described  here. 
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TABLE  2.  Motion  ntinfi  ■sifMd  to  each  washout  system  ty  Pilot  *h. 


WASHOUT 

SMOOTHCSS 

SENSE 

AMFLTIUDE 

PHASE  LAO 

DtSCOMFORT 

DISORIENTATION  OVERAa 

AMESNGMMAL 

2 

1 

3 

2 

1 

1  g 

AMEE  DECREASED  QAIN 

2 

t 

3 

4 

1 

1  2 

AMESNCREASEOOMEQA 

2 

1 

J 

3 

1 

1  2 

CMSNCMNAL 

2 

1 

4 

3 

2 

1  2 

OmOGCREASEDOAN 

2 

1 

2 

4 

1 

1  4 

gffiHtQHOTOLJTHVmQHTNQ 

_ 2 _ 

_ 1 _ 

A 

A 

1 

_ 8  .  8 _ 

EVALUATION  OP  MOnON  FLATiORM  ALTERNATIVES 

A  second  study  in  this  leseaich  piognin  was  leoemly  conducted  to  provide  an  additional  opponunity  to  evaluate  the  motion  model  and  to 
invesdgtte  the  impact  of  aileniadve  limited  motion  dedpi  opdoni  for  air  tianspon  flight  simulators.  Assessing  motion  platfosm  effects 
on  piiot  performance  in  taslu  representative  of  those  which  are  required  during  training  and  checking  is  a  fust  step  in  identifying 
canmdate  sy:»ems  which  could  be  evaluated  in  a  training  environmenL 

Eighteen  air  tianspoR  pilots,  cuirently  flying  Boeing  727  airciaft,  participated  as  paid  volunteers  in  the  study.  Of  the  eighteen  pilots, 
three  served  in  the  Capuin  and  fifteen  in  the  PirR  Officer  crewmember  position.  Experience  in  the  727  tanged  from  3  months  to  7.5 
yean  with  an  average  of  2.4  yean.  A  Boeing  727-200  flight  simulator  certificated  under  Utase  11  of  the  Federal  Aviation  Regulations 
simulattM'  requiroments  section  (Part  121.  Appendix  H)  was  used  for  the  study.  The  simulator,  which  is  located  at  NASA  Ames 
Resevch  Center  provides  a  full  six  DOF  motion  utilizing  a  nonlinei  r,  adaptive  motion  drive  logic  scheme.  A  duskfoight  visual  system 
prides  a  conqiuter  generated  image  of  the  out-of-the-ooclqiit  scene  to  both  the  Captain  and  Fust  Officer  positions.  For  this  study,  only 
night  scenes  were  presented. 

Three  motion  xjUtform  conditions  were  compared  in  this  study:  the  full  six  DOF  motion  required  for  Phase  ll  simulaton  and  two  limited 
motion  conditions.  The  laner  platform  motion  conditions  were  provided  by  restricting  the  software  logic  driving  the  platform.  Fbr  one 
of  the  limited  motion  conditions,  the  six  DOF  system  was  reduced  to  two  IX)F:  vertical  and  lateral  translational  motion.  Inclusion  of 
this  conation  in  the  study  was  to  allow  an  evaluation  of  a  system  limited  to  providing  largely  disturbance  information  about  the  state  of 
the  airoaft.  Amplinide  of  normal  platform  motion  excursion  in  these  two  axes  was  not  limited.  In  the  second  limited  motion  condition, 
sttudl  amplitu^  \  ertical  translation  motion  cottanonly  called  "special  effects”  were  the  only  motion  cues  provided.  These  special  eflecix 
included  the  following:  runway  touchdown  bump,  vibrations  induced  by  runway  roughness,  buffets  associated  with  flap,  landing  gear, 
and  spoiler  extension,  and  Mach  and  stall  buffet.  Maximum  leg  extension  with  these  effects  was  .63  cm.  These  special  effects  were 
provided  in  the  foil  motion  and  two  axes  motion  conditions  as  ww. 

Six  of  the  eighteen  pilots  were  randomly  assigned  to  each  of  tiiree  test  scenarios.  The  three  test  scenarios  were  consuucted  to  allow  the 
evaluation  of  pilot  {motmance  in  task  conditions  representative  cf  those  they  would  receive  in  the  operational  training  environment.  An 
additional  criteron  for  task  selection  was  the  de.sirc  that  signi&cant  pilot  control  activity  be  involved.  This  criterion  was  included  to 
increase  the  probability  of  detecting  motion  platform  effects  if  they  did,  in  fact,  exist  Each  pilot  was  tested  individually  with  the  pilot- 
not-flying  duties  performed  by  a  research  pilot.  The  three  test  scenarios  were  as  follows:  (1)  engine  flameout  on  takeoff  subsequent  to 
roution;  (2)  an  oirwork  scenario  consisting  of  steep  turns,  approach  to  stall,  and  standard  mte  nims  with  yaw  dampers  failed;  and  (3) 
an  ILS  approach  and  landing  flown  through  a  low-level,  horizontal  windshear.  All  scenarios  were  conducted  in  and  around  the 
simulated  San  Francisco  Imematioral  Aiipon  (f  FO)  environment.  With  the  exception  of  the  ILS  appro'  ,ii  and  landing,  all  maneuvers 
were  conducted  in  standard  day,  no  wind,  visual  meteorological  conditions  The  simulated  aircraft  bad  a  jticeoff  weight  of  67,3(X)  kg. 
In  order  to  standardize  testing,  fiiel  quantities  were  held  constant  tiuougliout  the  flights. 

Prior  to  testing,  pilots  were  provided  with  the  oppoRunity  to  fly  VFR  approaches  an^andings  with  full  platforro  motion  in  order  to 
become  familiar  with  the  simiUation  environment.  Pilots  were  not  infotnied  that  motion  platform  conditions  would  be  altered,  only  that 
the  study's  intent  '..as  to  assess  simulator  Edelity  issires.  In  all  motion  test  conditions,  all  normal  procedures  involving  full  motion 
opeiatioas  were  conducted  so  that  pilots  would  not  be  made  aware  of  any  changes  in  platfoin  functioning  prior  to  testing.  Those  tested 
in  the  engine-ouv  on  takeoff  scenaiiu  were  required  to  perform  two  successive  takeoffs  from  a  standing  stan  under  each  of  the  three 
motion  conditions.  Engine  flameout  onset  time  varie^  but  always  occurred  within  5  seconds  following  rotation.  Engines  1  and  3  were 
foiled  randomly  on  successive  takeoffs  to  reduce  anticipatory  control  responses  by  the  pilots.  Pilots  were  instructed  to  maintain  runway 
heading  and  l»el  out  at  tilO  m  altitude  (2000  ft).  Tire  oner  in  which  the  three  motion  conditions  wen  tested  was  countobalanced 
across  the  six  pilots  who  flew  the  scenario. 

In  the  tirwotfc  scenario,  the  simulated  .iicreft  was  initialized  at  2S0  KIAS  and  4570  m  (15,000  ft)  MSL.  The  pilot  was  requited  to 
execute  two  successive  steep  tunts  followed  by  two  successive  tqiproach  to  stall  maneuven  with  the  aircraft  in  the  clean  configuration. 
Two  standard  rate  turns  with  foiled  yaw  dampm  were  then  flown  at  an  altitude  of  10,0(X)  ro  (33,(XX)  ft)  and  300  KIAS.  Each  ^ot  flew 
the  airwotfc  scenario  once  under  each  of  the  three  motion  conditions.  The  order  of  testing  for  motion  conditions  was  countenanced 
■cross  pilots.  PileCs  assigned  to  fly  the  ILS  approich  tnd  landing  scenario  began  the  apprnreh  at  an  attitude  of  1 200  m  (4(X)0  ft)  and  an 
airqieed  of  220  KIAS.  The  pilots  were  initialized  with  an  intercept  course  30  degrees  off  the  localizer  course  to  runwzy  28R  at  SFO. 
The  ILS  approach  was  flown  manually  by  use  of  flight  directors.  Ceiling  for  the  approach  was  183  m  (tiOO  ft)  with  unlimited  visibility 
at  and  below  152  m  (500  ft).  At  this  altitude,  a  windshmr  was  introduced  which  altered  wind  speed  and  direction  ftom  a  15  knot 
headwind  to  a  10  knot :  tilwind  at  the  runway  surface.  Wind  was  changed  at  a  rate  of  -1  knot  per  30  ro  (100  ft)  in  speed  and  36  degrees 
per  30  m  in  ditectioa. 

Both  subjective  pilot  ratings  and  objective  simulator  measurements  were  taken  during  the  course  of  the  study.  The  pilot  ratings  were 
taken  afttf  the  coiiqiletk)ii  of  testing  on  a  given  motion  condition  within  etch  scenario.  The  rating  instrument  consisted  of  six  items, 
each  requiring  a  response  on  a  5-pouit  scale,  A  rating  of  3  on  this  scak  indicMed  that  the  plljt  foil  toe  simultmr  to  be  very  similar  to  the 
aircraft  For  example,  a  rating  of  1  on  control  woritload  wu  given  if  the  shnulater  ccotrol  effuR  was  much  less  than  that  of  the  aircraft, 
aSiftheefftcrwasmuchmaKlhanthatoftheaiicrift.  The  six  items  addretaed  the  following;  total  control  workload  in  the  scenario, 
control  worldoad  during  configuntloa  changes,  general  responsiveness  of  the  simulator  to  control  inputs,  the  utility  of  the  simulator  for 
irainiagandcheckin|,andanisjesimcmofov«tilltetilismoftbesifflulatioo.  Ifor  all  Itema,  pilots  were  asked  to  base  their  ratings  to  the 
extent  possible  on  experience  with  the  aircraft  Objective  measures  of  pilot  and  ibnalator  puformance  were  collected  in  real  time  it  a 
rate  of  15  sanqiles  per  second,  iforciaft  state  parameters  such  as  lirepeed,  attitude,  and  altitude  were  sampled  as  were  measures  of 
simulator  motion,  the  ouqxil  of  the  spatial  oritntarioo  models,  and  pilot  control  Inputs. 
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Aircraft  state  panmettn  and  pilot  control  activity  wen  analysed  to  detemlne  the  eflects  of  platfoim  notion  variations  on  pilot 
perfonnanoe.  When  successive  trials  of  die  same  maneuver  wen  executed,  data  from  these  trials  wen  averafed.  Statistical  analyses 
tor  a  rqiealed  measuns  design  wen  conducted  to  deienidne  wbetha  diffrnnees  among  platfrm  motion  cooditicos  wen  reliable. 


Engine  Plameout  Scensrio  •  FOr  the  engiM  flameout  scenario,  most  of  the  data  of  intenst  occur  shortly  befrn  and  after  die  loss  of 
power.  Hgun  1 1  shows  the  simulated  aircraft  mean  absolute  deviatkw  from  tunway  centerline  as  a  ftmedon  of  motion  platform 
condition  torn  10  seconds  prior  to  10  seconds  following  enene  flameout  No  teliable  difiennees  wen  found.  In  order  to  evaluate 
motion  effects  on  pilot  control  behavior,  the  mean  variance  of  the  combined  rudder  positions  was  calculated  for  this  p^od.  In  general, 
greater  amounts  m  control  activity  will  be  nflected  as  an  increased  variance  of  control  position  over  time.  An  snails  of  pilot  rudder 
control  activiw  for  the  three  motion  conditions  did  not  nveal  any  teliable  difteiences.  An  analysis  the  time  to  climb  to  a  safe  altitude 
was  also  conducted  for  this  scenario  because  of  the  operational  significance  of  achieving  altitude  in  optimal  time  under  these  flight 
conditions.  Time  to  climb  to  an  altinide  of  120  m  (400  ft.)  from  a  speed  of  120  KIAS  was  calculated  for  each  pilot  for  each  trial  uim 
each  of  the  three  motion  conditions.  Figure  12  shows  the  avenge  time  as  a  function  of  motion  condition.  Leu  than  10%  difference 
(approximately  3  seconds  out  of  35  seconds  total)  in  mean  climbout  time  was  evident  among  the  three  motion  conditions  and  that 
dinetence  was  not  statistically  significant. 
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FIGURE  12  Time  to  climb  to  altitude  faUowIni  engiiw  nameout  (N  FIGURE  13  Mean  vanance  of  aircraft  pilch  and  bank  mgledurinii  approach 
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Airwoek  Scenario  •  Of  the  tbtee  maneuven  executed,  data  o^  on  the  last  two  maneuvers  performed  during  the  airwerk  scenario  (stalls 
and  turns  with  yaw  dampers  frlled)  will  be  presented  here.  These  two  maneuven  provided  an  oppettunity  to  examine  pilots'  ability  to 
ccnttol  the  simulaied  aircraft  at  high  angles  of  attack  and  when  tiie  aircraft  was  opeiiting  with  sigiuflcantly  tedneed  control  stabili^.  The 
data  analysis  window  for  the  stall  maneuver  was  defloed  u  the  period  10  seconds  piMr,  to  10  seconds  following  the  lowest  airspeed 
attrined.  Hgure  13  shows  the  mean  variance  in  aircraft  attitude  during  this  period,  analysm  of  both  altcraft  pitch  aA  roll  angle  variation 
was  conducted  for  the  three  motion  conditions.  No  teliable  differences  were  found  among  motion  conditions  for  either  of  these 
measuies.  I^  petfotinance  measures  during  the  stall  maneuver  were  also  unaffected  by  platform  motion  condition,  as  reflected  in 
anitiyses  of  control  column  and  control  wheel  position  variation  duifrig  the  analysis  window.  Analyses  of  aircraft  attitude  and  pilot 
conttol  retpooM  during  the  standard  rate  turns  with  ww  danqiers  faiM  yielded  results  similar  to  die  stall  maneuver.  No  lelutble 
differences  we:  9  found  in  either  pitch  or  toll  variance  for  the  dm  motion  rooditicna.  Although  there  waa  significant  conttol  activity 
during  this  maneuver,  analyses  of  pilot  control  column  and  wheel  inputs  did  not  reveal  reliable  differences  as  a  function  of  motion 
condition. 

Appmsch  aivt  I  Jnding  Sgunirin  -  The  iiratnimml  annmadi  scenirio  warn  divided  into  twn  seeMnts  ftig  the  inilviiM.  The  first  Segment 
was  the  period  duriu  the  approach  starting  at  the  mae  windshear  wu  initialed  (ISO  m,  3w  ft)  and  ending  20  seconds  later.  This 
period  will  be  identimd  as  the  approach  maneuver  segment  in  the  subsequent  dliciisslan.  The  mean  absolute  deviations  of  the  aircraft 
bom  the  glidetlope  and  localiaer  are  depicted  in  Figure  14.  (Asa  rcfereuce  in  interpnting  thia  data,  note  that  the  fuselage  of  the  727  is 
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menipulated  end  were  sensitive  to  dif 
taempulited  end  this,  combined  with  the  ovenU  leaUsm  of^SetioIt  uS  rf  *"  *>*^"8 

overwhelmed  the  b  SStSd^Kp^b?;?; 


CONCLUSION 

•P^*^  •o*®I»’5SS’  Of  fliihnrimXor*  successfiiUj 

platform  motioa  ooatroUeit  la  capable  of  pradudne  imtiM  opbmal  control  approach  to  the  desien  ol 

^Wc^optiraied  washout  system  In  perfotSro  aS  cooqai^le  to  an  esistoi 

op^<^  seehnlque  in  that  it  pennia  the  uSiupS^n^  •**  “wW-baseJ 

pla^diylyxmeatandaoceletatkws.  but  directly 

yittmsi^  with  the  optimisation  toehnltpminay  bo  aeneiated  off-line  by  “"•io"  controUei 

srt  E&;  ■jssrssTo^asnKrSSs^^ 


aaiwiiimiilaior  moiioo  HlotoM^4riT!«SS^TS^^rS^^”  "“'S  “f sudi petfcnnanee measums to 


llK  mAi  NitGiid  fcr  telMion  tai  At  (finpen  lidiidiMar  Mill}- MC  npnMOMiw  ii»  MM  of  tuks  diit  •  pilot  wooM  bt  raquM  to 
poffcraitoiainaiiteMMinMnMimliuiiiladilitbcnft.  NoouottptiwaiiioiteioatiirilwDcnnoloponwmcIwiocwiliiiMofPw 
«imfttiaatil«L  1tepniMK«orviMil,iMSuy,iBdMGiikcaitiHiBii«MiUi»iMay«o«ortatlNMMikioriniiria|orclMcltiM 
••vinaaMM oraviiM.  lUt  don  not  oddm*  iho  iwN of  nmiae  {MMfcnn cue*  tfhet  pilot  bobtvMroodw tfl 
coac^vtUe  ooodiBon  bw  only  a  itapi*  of  ihon  ooaditiaM  »  wbicli  tho  ptlot  it  MMMlly  oiqMoed  is  the  linnltiar.  Pnm  the 
MMdpoiM  of  oMml  Bih^  apmdoM,  dn  whjo^  and  oltiteiiw  dM  oeOicMd  io  iMt  HMy  niieit  liitt  late,  coiBleii  aootioB 
plnmtt  qWHm  aaay  not  be  neeanin  to  oidur  fonoon  of  pilot  ooeteiaaoo  o»  pirftanMM,  Mvm  the  pnnnee  of  a  widi  MM-vitw 
viiutl  team  and  MfScint ‘tpedal  emctt*  noiian  10  eohtnoe  dM  leutaa  of  w  dnnltdon.  Nr  this  type  of  aiicifA  (the  Boeiai  727), 
toMdaHneridttoyliaindnotiDncapi^tynnybnftoquatttoniaiMpaipetot.  f<<>-dterieiBtichonibiiiiiMitiaprotieti. 
Onitiaathouldbe«WGitediaacytaei«»|enafaliKftwAthnedaiaioaMtnMpon*h«tailn>niIaiiont.  For  enninle.  nbdintial 
a^fouMiiie  tbniit  elibcts  in  litattt  win  winip'iiioiuitad  emian  may  produoe  laiein  acoelendoM  that  difto  maikaaly  tom  thorn 
|iMiioediBthe727.  FitMlly,  the  ttodyevahMMd  the  behevior  of  experienced  727  pilots.  It  icmains  to  be  detemined  whether  motion 
plays  a  siiniiteant  rale  in  the  acx|uititioo  of  flyiif  skills  in  the  simulator  and  if  the  tianato  of  these  skills  to  the  aiicnft  is  affected  by  the 
absuice  of  latfe  amptttude  platrann  modoo. 

Finally,  the  effect  of  wide  fleld-of-view  visual  scenes  upon  the  pilot  must  be  incotparated  in  fbtuie  models  of  spatial  otontation 
pacqitioo  used  in  flight  simulation.  As  new  models  are  created  to  the  intenedon  between  visual  and  vestibular  cues  in  the  human 
pilot's  perception  of  spatial  orientation,  they  may  be  used  in  a  manner  similar  to  that  described  above  u  engineerini  tools  to  the  flight 
simulator  derigner. 
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DISCUSaiOM 


BLLlSi  1  would  «ue«»  that  thoxo  uro  two  poaslbllitlofi  ••  to  why  tho  particular  typo  of 
Mixon  you  uaod  didn't  aooii  to  Mttar.  Ono  would  bo  that  you  don't  havo  a  aonaltlvo 
enough  teat  to  dlfforontlato  dlftoront  typoat  and  tho  othar  would  bo  that  porhapa  you 
haven't  found  an  oxtonalvo  enough  taak  to  be  able  to  aeparate  tho  dlffovont  typea.  I 
wonderad  what  you  thought  tho  anawer  night  bo. 

YOOHC;  Thoro  la.  Dr.  Sills,  of  courao,  a  third  poaalblllty  and  that  la  that  thoro 
roaily  la  no  dlfforonce.  I  think  that  tho  queatlen  of  tho  taak  la  vary  important. 

Tako  tho  two  oxtromoa  whoro  in  ono  altuatlon  (you  might  conaldor  air-to-air  combat  as 
an  oxaa^lo) ,  tho  taak  la  such  that  no  motion  will  bo  adoquato.  Conaoquantly,  it 
doean't  mattor  vary  much  what  you  uao.  Tho  othor  oxtiramo  la  a  task  lika  a  woll- 
bohaved  tranaport  in  which  any  motion  la  adoguato.  I  think  that  tho  two  caaes  T 
dlscuaaod  wero  near  thoao  two  oxtromoa.  That  may  bo  «d)y  wo  did  not  find  vaat  dlffor- 
oneoa.  You  will  rocall  that  in  reaoarch  aituationa  in  which  ono  oeala  with  aircraft 
that  aro  cloao  to  tho  margin  of  atabillty,  tho  motion  la  very  Important  and  tho  particular 
notion  Napecially  motion  dolay)  ia  critical  in  tho  atabillty  of  tho  pllot-vohiclo  ayatom. 
So  I  think  that  tho  iuauo  of  tho  appropriato  taak  ia  a  very  Important  one.  \a  far  aa  tho 
appropriate  moaauro,  if  wo  know  of  a  more  sonsitivo  one,  wo  would  havo  uaod  it. 

HAGS1.1  I  wonder  if  any  of  your  aubjocta  bocamo  dlaorionted  or  had  any  of  the  othor 
ayaptoma  aasoclatod  with  the  simulator  aickneaa  syndrome. 

ypTOGi  No  wore  conscious  of  tho  simulator  aicknosa  situation  and  had  no  reports  of  it 
oI^Kor  in  tho  VTOL  or  in  the  727.  Typical  expoauroa  wore  not  very  long,  on  tho  ordar  of 
30  to  40  Biinutoa.  Dr.  Buaaolarl  who  conducted  the  teats  at  kmos  waa  alaru  to  this, 
queried  hla  aubjocta,  and  did  not  rocoivo  roporta  indicating  simulator  sicknaaa.  There 
wore  reasonably  good  visual  aystoma  in  both  eaaoa. 

VAN  MOLTEN  I  In  aircraft  combat,  g-forco  la  a  very  Important  Impact  on  performance.  Did 
you  have  any  meaauroment  of  g-forco7 

yoUNGi  No.  g-forco,  of  courao,  ia  the  moat  difficult  to  reproduce  in  conventional 
simulators  of  tho  kind  that  wo  used  here.  Obviously  you  havo  to  go  to  a  centrifuge  in 
order  to  produce  tho  sustained  g-forcea  that  can  be  present  in  flight.  We  found  that  it 
waa  pointless  for  ua  to  concentrate  on  g  -  on  longitudinal  acceleration  in  the  optimita- 
tion  because  in  all  cases  we  would  havo  Inormous  errors.  You  may  have  noticed  in  my 
plot  of  the  surge  orrora  that  the  voftibular  errors  in  longitudinal  acceleration  were 
alx  or  seven  times  threshold.  Thoro  we're  in  a  aituatJun  similar  to  wh^t  I  described 
to  Or.  Ellis.  Any  motion  syaten  la  so  Inadequate  for  reproducing  g^  that  it  doesn't 
mattor  too  much  which  motion  is  being  uaod  unless  wo  were  using  a  centrifuge,  i 
would  say  that  the  specific  oxaa.plos  I  havo  discussed  this  morning  are  not  applicable 
to  tho  esse  of  centrifuges  for  training. 

UNIDENTIFIED  SPKAKBRi  On  a  rotating  platform  it  is  possible  tc  produce  changes  in 
ipparont  attitude. 

YOUNG;  Noll,  a  rotating  platform  in  which  the  center  of  the  pilot's  head  is  well 
off-axis  is  by  my  doflnltlon  of  centrifuge. 

VIOLBTTE;  Due  to  technical  recording  difficulties,  translation  of  Dr.  Violette's  con- 
rnSvEsTIn  French)  aro  not  available.  Kowever,  Dr.  Young's  reply  follows. 

YOUNG:  I'm  in  coiapleta  agiroemont  with  your  generallxatlon  about  the  differences 
befwoon  transport  category  simulators  and  condiat  aircraft  simulators.  I  have  two 
comments  about  the  motion  requirements  in  combat  aircraft  aimulatlon.  One  has  to  do 
with  the  flying  qualities  and  handling  qualities,  wnd  the  other  has  to  do  with  the 
safety-related  aspects  of,  in  particular,  thi  .  roblem  of  G-LOC,  the  sudden  loss  of 
consciousness  due  to  high  g.  For  the  first  p'.oblem,  air-to-air  combat  simulation  with 
wide  field  of  view  -  there  have  been  many  people  who  have  offered  the  opinion  that 
with  a  sufficiently  wide  field-of-viaw,  hlgb-resolutlor.  visual  system,  motion  is  no 
longer  a  roqulreswnt,  and  here  in  Brussels  in  1979  we  discussed  the  problem  of  the 
continuing  need  for  motion  in  wide  fleld-of-viow  simulators.  The  accumulating  evidence, 

I  believe,  states  that  motion  remains  ar.  important  requirement  for  air-to-air  combat, 
even  with  wide  fleld-of-vlew  slmulatioi;.  Howeve.:,  the  magnitude  of  the  motion  can  be 
draatiCBlly  reduced  because  the  only  remaining  requirement  for  motion  ia  the  onset 
cueing,  the  initial  acceleration  to  hurry  the  onset  of  vectlon  (visually  induced 
motion) .  The  other  part  of  the  question  has  to  do  with  g-traln.ing  to  ensure  that  the 
pilot  cf  a  combat  aircraft  is  aware  of  the  danger  of  sudden  hlgh-g  onset  and  also  sus¬ 
tained  g  in  relation  to  the  dangers  of  not  only  traditional  gray-out,  but  also  tha 
sudden  loss  of  consclouonees.  For  that  purpose,  we're  really  not  talking  about  closed- 
lo<9  aimulatlon  as  much  as  g-tralnlng,  for  tdiich  I  believe  personally,  the  oentrifugo 
is  an  extraordinarily  important  device  -  in  fact,  an  irreplaceable  ono.  I  think  th*t 
it  is  necessary  that  the  pilot  be  given  a  taak  during  centrifuge  training  that  ia 
rslsted  to  hla  aircraft  flying  task.  In  fact.  Professor  Kenyon  and  I  have  taken  some 
steps  with  tho  people  at  Brooks  Air  Force  Base  (Dr.  Gillingham  in  particular)  to  im¬ 
plement  a  visual  flying  task  on  the  centrifuge.  Thera  have  )Men  attempts  to  produce 
alternate  g-euolng  devices  in  flight  simulators,  including  the  g-seat,  but  in  my 
opinion,  none  of  them  la,  as  yet,  an  adequate  subatltute  for  centrifuge  training. 
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sinuukv: 

rioalok  eaaa  ara  oarcaiva4  via  dldaran:  aantorv  nadalitiat.  Canvataanca  o(  talaeaetiva  and  croctlocfvci- 
vt  aaatarf  itianation  la  a  oraraaalalta  e(  taaA->alata4  aanaatul  Maor  rtaition.  kattarch  with  v<'ar.r- 
ralatad  krain  aotaatlala  ffltrl  dalivara  isoortaat.  tunetlonal  and  tovoaraohlrtl  infatuation  of  thaaa  cuk* 
flax  iataraetiaa.  Oraa  tkk  data  tka  fuaetion  of  tha  frontaaatlal  aupoianantary  mtor  arao  (SMA)  could  oc 
analyaad.  Thalr  iapartaat  rola  in  tialna  aaauantial  taaht  and  connactinv  tha  tannery  and  '.otor  tyatan  li 
daaanttratad.  Sanaory  dytlunetiana  aiaht  ircitata  tha  onaat  and  taauanct  of  taakraUtad  ncror  raac* 
tiani. 

Vaatikular  avekad  carakral  patantlala  ara  ehotan  to  danonatrata  tha  raatrlotiona  of  tha  Intatpration  of 
tka  tkO  raaulta,  Fron  ttaady  atata  avokad  and  tranaiint  avokad  poitntiala  turehar  knewladoa  can  ha  cx- 
pactad. 


IKTkOMtertON, 

Ivaat  ralatad  krala  petaatlalt  (ttk)  play  an  iRtortant  rcla  aa  indicaa  of  rental  work  load,  of  flioht 
parforaaaea.  air  era*  talaetion  ate.  Tharatora  tha  uhola  oroklan  iiaa  haan  Halted  aa  tollowa; 
a.  Motion  euaa  at  aaaturabla  ky  alaetrophyaioloaical  tachniauaa.  and 

k.  not  only  rafarrina  to  avary  day  Ufa.  but  with  aoaa  rafaranea  to  tinulater  prohla*i.  and 
e.  not  oaly  (oeunina  at  onv  aanaery  »oda1i,v  hut  pratarrina  tha  xultisantocy  eonvaroanca  and  trvino  to 
fiva  a  link  to  tha  parforaino  aotor  aytca.t.  Tha  pilot't  hands  art  tha  link  to  tha  itick  and  chfottle. 
Raya  tha  trananiaiion  katvaan  lanaory  parcaptien  tad  motor  action  i.a.  to  tha  aircraft  takai  olaco. 
Mrcaptioa  and  raaetioa  *  lotor  (ra) action  of  a  pilot  •  .  multiaodal  aanaory  analyiaa  and  tatk  rala* 
ted  aaaaatul  aetoric  (ral action  and  tha  tharaby  additionally  produead  aanaory  (aadback  (prooriocap- 
tiva  and  talaeantiva)  ara  a  continuoualy  intarvovan  aaouantial  procaaa  (Tip  1>. 
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riv.  1.  Attar  tha  talf-initittad  start  of  a  raal  tliaht  or  a  aimulttor  fliaht 
tha  motor  ratetiont  and  sanaory  parcaptiona  ara  continuoualy  intarvovan 
thr>.  i«h  out  tna  tank. 

At  any  laval  -atpacially  undar  hiah  vorkload  -  piychic  inrluancat  may  be  suoportino  or  coaplieatino 
occurancaa.  Individual  akilla  and  axparianea  (i.a,  latrnino.  aaaery)  will  influanca  tha  outcona  of 
tha  alaiion. 

kataarch  focutind  on  ona  aanaory  modality  ia  hiohlv  naaoad  and  vary  important.  But  it  should  not  ba 
ovaramphaaiiad  with  raapaot  to  tha  iaaanialy  complieatad  topic  of  aimiiutor  tiekesas.  Thit  it  trua 
avan  tor  tha  vary  important  vaatikular  tvatan  in  this  contamt. 


lo-a 


VtmiVUK  STtTtf. 

D«*vit«  tht  tfoTtMRtlM*#  lltitatloD.  ««  ittrt  to  look  it  tki  voitllMlit  ivtiiR  onlv,  htor*  thi  Intir- 
orotitioo  o(  Miolti  *«  ihoiU  titr  ciritollv  oreot  okit  ««  iro  RiMorlM  (it),  kri  ••  riillv  ihl*  to 
rieort  r«ti  vtttikoUr  ovokot  riioottit*  Olio  M  oloctrle  oxcttttfok  ot  tki  OMttkolir  noroi  eoolt  ri- 
■«lt  ik  •  eottiUly  voittiMlir  t*oki4  eottleil  ootoitlil  Ot).  Tht  irowtoiti  ot  tool  lotliori  (II  11. 
It)  iro  cotfiiielM  t*  to  tor  ti  tkoy  ito  MiiotiM  cottlcol  ivokot  riioooitt  int  it  tliiy  rolict  or  eon* 
trol  irtltiet  eootifiliitloot.  lot  tor  «o  tkoy  iro  tot  thit  co»*li«l«o  tir  ii  thi  ixelwiloi  ot  in* 
flttoneii  ot  III  toMtoioniory  lyitoi  ii  coneirnot.  Tkoro  li  ifitoaeo  thit  «o  in  tiilini  «tth  t  priniry 
blMtil  eortltil  oroloctton  tliU  *  i  yoittboUr  Ml  loMtotmiory  riptiiiititioi  irii  *  in  thi  (kilt) 
iiurior  loprtiylyUi  m«i  )4.  I.  4,  10.  11.  11.  It.  111. 

Tko  yoitttolir  cortM  bolooti  to  tko  loMtooiMory  iroi  (10)  iit  ot  coorio  tkoro  it  eloto  kiootil  eon- 
ytroinei  Ml  Intirictloo.  Vitk  leiXo  rooortikfi  ot  ovoot  rolitot  lotoktlili  (tki)  i«  Intirtirinci  ot 
botk  MOilitiii  xlokt  ko  ttittool.  Ti  rotiry  lyoktO  ootoitlili  in  nomil  ml  Ukyrintkictooilol  ribblti 
(IT)  rilitlyoly  cont*int  oevrrinei  ii  litoneiii  oil  MOlitoOot  ot  tho  iirly  buki  '  I  1  ml  I  i)  »ii 
toon*.  Tbit  tottoiti  th'ir  .onitotoniory  orlyin  in*  loot  not  vn*irlibi  tki  riitlboUr  iitloiici.  lot  it 
iimi  llkoly  thit  tht  U..ir  mikt  (  I  1  ii*  I  t).  okiek  nri  nock  liii  oonnonly  iiin  in  libyrintbietoni- 
to*  uinili,  rinroiont  i  eorticil  notmtiil  of  tko  ittiront  yoitikolir  tibrii.  ritkint  i  loltikli  ininil 
io*il  nny  *litintoitk  kitwion  thi  voitibolir  in*  tho  lOMtoiiniory  tort  ot  thi  iroki*  ootintiili  whiriii 
tho  tilt  litoitioni  »ltk  hoMi  lobiocti  nrobibly  oifkt  not. 

Vi  hi*  thi  onnort-Mlty  to  tto*v  oyoki*  kriin  notontUli  »ith  i  lt*yoir*ol*  pitiint  oith  bllltiril  eon- 
nliti  tiiloro  (loiniiii)  ot  tki  rittikolir  lOMtitoi.  to  «o  cool*  *ittirontinti  kotooii  tho  riietlon  of 
tht  yiitikolir  in*  thi  lonitoiiniocy  lyttir  by  eoanirina  tki  pitiiit'i  *iti  oith  thou  obciinid  Iron 
foor  kiilthv  tobiocti  ot  thi  lui  i«i. 

:n  tbii  ito*y  itii*y  ititi  nitibolir  ivoki*  briin  potintiilt  oin  tieordi*  111). 


Tochniooo  ot  lioiitrition: 

Tho  Mtioht  In*  tki  hiilthv  control  loblictt  (lood  bitoion  It  in*  II  yiiri)  »iri  iiiti*  on  i  twinl 
choir  in*  laitini*  to  it  oith  thi  hiodt  bint  foroir*  by  JO  dioriii.  Continoeoi  linoioidil  totitiont 
iroon*  tki  body  mil  oiri  pirtcm*.  tn  order  to  oriclodi  inv  intloinei  ot  lyipofinintt  (yiitikuloocolir 
riflix)  thi  lobiicti  hi*  to  tixiti  i  laiU  liphti*  ipot.  Thii  ipot  non*  in  phiii  oith  thi  loivil  choir 
notion  in*  thiritori  rixiini*  it  the  iint  plici  tor  thi  loblicti  ivii.  Tho  eonpliti  dirkinino  of  thi  ix* 
piriiiitol  toon,  thi  noikini  of  tbi  lobiicti  lodition  by  ohiti  xoiii  thi  on  ot  ipiciil  iiictielii 
pornittino  foiiil  oiiion  only  iirvid  to  ixclodi  eoneiiiibli  oiioil.  leooitie  or  lonitoiiniory  intloincii 
to  thi  nixinun  ixtint  poiiibli. 

Vitk  tirineo  to  thi  iitirnitionol  10/2Q*lvitin  li/loCl  ilietro*tt  oiri  plici*  piriitillv  on  both  lidii 
1  cn  tntirior  to  the  poiitioni  P  :<  (P  s')  ind  P  <  (P  <').  Por  tki  oiipolir  ttG*rliiitritioni  linki*  iiri 
oiri  on*  It  ritirinci  ilietro4ii.  Tki  rtiiitrition  of  thi  iletrooeolotrin  (EOS)  on  on*  to  lyoi*  in- 
tloincii  by  lyi  xovinnti.  lyilid  bliikini  in*  •ntibolo-oeolir  riflix.  Iny  ponibli  looren  ot  ilictro- 
ittnitic  intirtironeii  in  tko  ixnriniitil  toon  cool*  n  ixclodi*  botori  tki  letoil  ixpirinint  by  i  pri- 
tiit  lith  1  kiokly  nniitioi  intinni  noonti*  it  thi  loivil  ehiir.  Thi  triniition  rntiitinei  bitonn  thi 
ikoU  lortiei  in*  tho  ilietrodii  on  liii  thin  oni  kokn.  thi  tin  conitint  on  tivi  ncondi.  thi  oppir 
lioivini  triooiney  on  it  >0  cpi.  Oorino  thi  ikpirinint  tht  ns,  lOG  in*  thi  tiehnicil  diti  (inclodixo 
inooUr  iccilirition.  tniolit  viloeity.  ooiition  of  tki  loiiil  chiir)  oiri  ricordid  in*  iterid  on  i  nn* 
nitie  tipi  tor  eff-iini  inilyni  oith  irtifict  riSoctien.  kiirion  of  400  UG>ipoehi  coTirini  toll  tin* 
•oiotdil  Mttirn  of  thi  pitiint  ind  thi  hnlthy  lob.lieti  oiri  obtiinid.  Ill  lokiicti  oiti  fiBiliiriiid 
oitn  thi  tnki  to  bi  icconpliihid  ind  thi  bihivioor  rnoiri*  dorino  thi  mnirinint  in  i  itindirdind 
oiv.  IboTi  111.  thi  loblieti  oiri  initroetid  to  iinciilly  concintiitt  on  thi  conicieoi  piteiPtion  of 
thi  rotiry  notion.  Thi  tint  oirt  of  thi  ixoirinint  wii  diiiontd  to  ditirnini  thi  thriihold  of  iinntion 
by  niini  of  pivchophviicil  tiiti  oithoot  miitrition  of  eorticil  ootintiili.  Thin,  in  i  neond  stip.  o« 
rioiitritid  eorticil  ootintiili  bilo«  ind  ibovi  thi  thritbold  ot  nireiotion. 


riNDINGS. 

Fio.  1  lORiirini  thi  rnolti.  Thi  thrnhold  vilon  ot  thi  eonieioot  rotiry  nevinint  os.-ciotion  ot  thi 
hnlthy  lobiicti  «ii  diftirint  froa  thit  found  for  the  pitiint.  'ihi  Pitiint  could  not  pirciivi  i  rotiry 
aoviPint  oith  i  nxinon  tnoulir  viloeity  (Vnx)  ot  J.t  dioriv/ne  (fripuinv;  0.4  cpi:  inplitudi  bituiin 
too  turninp  pointi;  1  dvpriii).  vhiriii  thi  hnlthy  lubiicti  ihevid  i  cliir  pirciption  ot  thi  rotiry  ne- 
viaint.  1  xixiiue  inoulir  vilocitv  (Van)  of  i.t  diorii/nc  ciund  in  thi  pitiint  inconstintly  ind  unri- 
ptoducibly  i  nnntion  of  i  novmnt.  Only  vhin  itioulitid  lith  i  Viix  ot  G.t  digrnJiitf  or  hiphir  ind 
in  iiplitudi  of  <  dioriit  bitviin  turnina  oointt.  hi  vii  ibli  to  cliirly  pirciivi  ind  diicribi  tki  roti¬ 
ry  aevmnt  in*  tbi  poiition  ot  thi  chiir  in  thi  rooa. 

Thi  ootintiili  ripiitritid  froi  hnlthy  tubiieti  ibovid  -  uith  only  ninor  iniir-indrviduil  dlffirincii 
(Fio.  2.  diiprix  i  4  b)  *  i  tyoicil  pittirn  of  ciribro-llietric  niPitirity  ind  poiitivity.  uhin  itinuli- 
ti<  lith  I  ypix  of  3.1  dipriii'iie.  thi  rioittriti*  ciribril  ootintiil  nolitudi  ihond  i  tripuincy  tvici 
11  high  II  thi  retition  tripuiney  ot  thi  nivil  chiir.  Thi  xiiiurid  vnlui  ot  thi  nxiaux  nplitudi  bit- 
nin  thi  nopitivi  ind  tki  peiitiri  nixiewn  «ii  2  xleroTolt. 

Tki  ricordi*  pittirn  ein  bi  voniidirid  typicil  bieiun  in  intir-individuil  cenpiriion  roviili*  no  lipni* 
fieint  dittoruneii.  It  thi  nn  tin.  thi  copoiriion  ihovo*  i  cion  Phin  corrilition  bitwiin  tho  niai- 
tivi  iixiaui  OTir  thi  cortix  ind  thi  viryinp  vilon  of  thi  rotitson  rilocity.  Tki  litiney  ditfirinei 
bitwnn  chi  nxiiun  nioitivitv  ind  thi  iixiiua  inoulir  vilocitv  uoon-n*  to  viluii  troa  10  to  30  dipriii 
only. 

Tho  litirituri  tilli  ui  tbit  fluctuitioni  of  eorticil  nioitivitv  in  to  bi  tikin  it  in  indicition  of 
eorticil  ictivitin  (3.  24.  21);  in  tkii  cm  n  in  indicition  ot  thi  letivity  inoeiitid  vitk  thi  roti* 
tion  itiBulud.  Ptychophviicil  ixpirir.inct  luoport  thii  inunotion.  sinci  undir  othit  bit  linilir  ixpiri- 
nntil  eooditioni  i  phin  corrilition  bitnin  eonieioui  pirciotioi.  of  i  rotition  aovinont  in*  thi  roti- 


tioa  vtiocity  k*i  k*«a  IwiM  (IT! 


Our  rutultt  (ill  *ll««  tk*  MMlutlM  that  th»  aettktltit  rttiktratui  «tth  hakllkv  •uKuctk  ulth  horMl 
rtitifculti  kvattM  wk  kt  KMtthultr  atinly.  I*  tkU  eoMattlM.  th*  (Urtsktikkk  kt  ckttikkl 
katkktlkU.  kfclek  bk  ankltkk  U  tkk  kktttat  kv  itUuli  ot  komUkrtbly  htkhn  tktkktity  kkly.  kkkl 
kk  kvkXkktkO  ta  aa  aM«kt  tk  mltSkla  akkatoktatertal  altkrancki.  kkiek  •  aa  tk  tkk  tiak  lactkr  •  ark 
aet  timly  ahatk  ralatak  tk  tka  ttaakv  atatr  tatatioe  ttta«l»a  (Plk.  t.  itattkaai  41  •  Thk  aiMrlBkatk 
ahk»  tkat  a  aktaal  kkatlkular  tatatatua  cactaialy  la  a  aactaaary  ktaravtlaitk  tor  tka  kktkattalk  tktlt- 
trata4i  l«t  ukka  tatartrattak  tka  raaulta.  alao  tka  aiiitiaaal  latUaack  at  a  haakar  cortical  arocaialak 
aaat  ka  Ckaai4kre4  <4lrkctk4  attthtiaa  act.  Ma  (14) i  coatlacaat  aat.  *atiatteaa.  CMV  (U,  It).  Tka  aora 
ao  ka  tka  carakral  araa,  tka  aotaatlala  at  uhlrk  kora  raftatrataC  avar  tka  akall.  la  a  laeatioa  ot  ea** 
rartlaa  taatlkalar  an4  aaltlala  aaattaaakaari«l  aa4.  aartleularly.  klaaaathatlc  attaraaeaa  K.  10,  II. 
111. 

Inetkar  iataraatlaa  aaaaet  at  tka  eaaa  arataataC  la  tkla  atalv  akauU  ka  aata4.  It  la  eattalaly  aararl* 
alna  baa  trail  tka  ratatlaa  ttlaall  arc  tka  aatlakt  it  akla  ta  aarealaa  ky  kit  aarMl  aoaataaaaaerlal 
atlaraata.  tut  larlaa  althtttar.  aa  raaah  craaal.  tkla  latanMtlaa  la  act  auttlclaat  ta  aaakla  tka  aa* 
tlaat  ta  eauataraoiaa  aay  Oiiturbaacaa  at  hla  kalaaea  iactallataly  by  a  aottura  carracttaa  at  kla  ko4y. 
yiih  tka  kalaaea  aaiatalaat,  tuck  eattaetlaaa  ot  tka  ba4y  aoatura  ara  aettlkla  ky  raatlkularlv  tia41ata4 
labyrlatklaa  ratlaaaa  (11,  11). 

kkatkar  tranaiaat  arakal  raatlkalar  aotaatlala  at  ataa4v  ttata  avakal  vaatikalar  Ktaatiala  or  tka  caa- 
kiaatiaa  ot  both  »111  cira  battar  iktarratiaa  naaCa  furtkar  ihrattiaatioat.  Tka  intarfaranea  oi  aaaato- 
aantory  ayttoK,  kauarar.  kat  ta  ka  takaa  Into  aecouat  (111, 


cwncALtomoMi 
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Tic.  2, 

Slav  carakral  aotaatlal  ahifta  tecoraanviBa  a  ataa<v  atata  alautollal 
retailaa.  CoBaariaaa  at  tka  cortical  tTekaC  yotantialt  ot  kaaltky  auk* 
iactt  idiaaras  a-t)  «ith  tkata  ot  a  catiaBt  with  caaolataly  lackiaa 
raatibular  axcitability  (Ciacrar  44e).  Tka  hariaoaVal  liaa  ialieataa 
tka  tkraakalO  it  ceaaeiout  aarcaatioa  of  tha  rotary  notloB,  T>  aal  T< : 
kilatatal  aariatai  alactro4a  aoaitiona.  iBcwlar  acealaration:  a(t>: 
aaeular  yaloeity;  v(t);  aoaition  ot  tha  tyiral  chair:  a(tl. 


visTiauLU  -  (mcx)rRoniocsFTivt  iimiueTioN. 

Tka  yaatibular  ayataa  aaaturao  liaaar  aaC  aaeular  accalaratioa  of  tka  baaC  ia  ayaea  (24,  21.  22.  2T. 
221.  Fraatiaeaatioa  aicaala  yoaitioa  an4  aoyaaantt  at  tka  yartt  at  tiM  body  ie  ralatioa  to  aick  ethar 
(221.  keck  tyataaa  ara  aaaCad  far  aoatural  atabiliaatioo.  (tiaattkaaia  aaO  aaatial  oriaatatiaa.  Tka  lafcy- 
riatka  ia  tka  rkull  record  Boytranta  ot  tka  head,  raaardlaaa  at  «hat  kaaaaaa  aith  tka  truck.  Tha  CM2  baa 
alao  to  taka  iota  aecouat  tha  aroariocaoiiTa  aicaala  of  tka  aack  akaut  tha  aa.'uralaoa  ot  tha  kaad  rala* 
tira  to  tha  truak.  Tha  yattibulo-apiaal  aad  earyieoaaiaal  ratlaaaa  ara  aaad  tor  tha  atabiliiatioa  ot  tka 
traak  (221.  Mack  iaeat  alto  raaehaa  tba  cortical  yattikular  tlald  in  tka  uatarior  aaKaayltiaa  cyrua 
(AS26)  111  eaaal-aack  iataraetion  ayaaari  to  ka  quita  eaaiiataatly  aitiMr  tha  raiait  ct  aa  addiciaa  ot 
of  a  tubtractita  iataraetioa  ot  caaal  tad  aack  iaduead  aftaeto.  (4.  4.  11.  21) . 

Tie.  1  late  aida  the«i  yaatibultr-aaek  iataraetioao.  HayaaaBCi  at  tha  head  ralatiya  to  tha  traak  ara  al¬ 
io  aovaeaati  of  tha  head  ia  toaca.  A  caayaraaaea  of  labyrlatklaa.  aaaatoaaaiary  aad  naek^bropriocaatioa 
ii  aaeattary.  Tkara  axitt  aeaa  diftaraaeai  bat*aai  tha  aarcaatioa  of  activa  aad  aaiiiaa  aoraBtata  (IT). 

TATSIVI  HOVtHIMTS  AMD  TkOTklOCIFTIVt  IU0SI0N2. 


1 


rt«.  1  •!<«  cMCMtratw*  m  th*  tMUti  ot  Mttif*  McitMUt  ramiaM  tf  •  0,i  t«t)  •(  tittiN 

kaaltkT  vcklactt  (t7i.  Nr*  ItknUtklM  iviNUtlM  ••*  okt*u*4  ky  ■Iwl*  k««y  (k  «  fi.  fk« 

tk«  «mU  (Nil  ttw  tm  twkiM  MaMtlM.  Nr*  M«k  •r*»rMMti(«*  •*«■*• 

U*t*k  a)i«U»*4  kv  iktktiMM  *1  riM  kr«kk  ratktm  r«  tk*  itattkMry  k«*4.  nit  1««  t*  • 

tr«kk  tualM  aakiitikk  (ttl.  N*  4u««ti*k  aw  th*'  *f  tk*  t«tMl  rnak  ******>*  vitk  r*tmt  to  tk* 
ttkttktWT  kk*«.  ttr*ri*i*fly  tk*  *«kl**tt  omoriMM**  tl**  ••OMtt**  *1  tk*tr  k**t  k*tat  r*tkt*4  1* 
tk*  <it*otl«k  of  tk*  rolitt**  k*k4*t**trt»k  MtiMttM.  tkU  tMktk*  «*k**ttok  t*krv*«*ta  •  t*rc**tt«* 
tllMt**  uy\  kk«t«t4  M  k**ii  **««***i  t**t  kl*«*>  tki*  tllMl**  ki*  kkt  krik*  Nrin*  «vttn  k**4  •***• 
*«*t*.  Nrkae*  tkt*  tik4  «(  ***«ty*  tmk  •**«•«*(*  a*y  kt«***  4*ri*«  t  *ta»Ut*4  k*ltM*t*r  tUtkt  »itk 
tk*  kikkt*  kt*4  t*K  •***>  ktkyit*  I1m4  •*  •  v«r«*t.  Ntkkkk  tkt*  kia4  *1  kr**ri*«*»tl*«  llt«*t««*ry 
MMMktk  MV  Mktrtkat*  t*  *  ••*•«*'?  4v*t«**tt«k  r***lt'«kt  U  *«**t*tlv*  «VMt**t. 


rt*.  ). 

Utt  *14*.  $eh«**tte  4ii*rta  of  tk*  h««4  •«  tk«  trv»k  4*tiat*«  r*t*- 
r*»e«  Oirtctio*.  t;  •»**•;  T:  tr««k!  M;  k«*4:  tS.  ft.  IV:  *»*U*  k«t* 
»•«*  th*  ttrtle*!  *si«  )S)  u  tk*  **i*  of  tk«  trvak  *n4  k**4  (it) , 
Rtokt  «t4«.  NkiMti**  •tttMtlo*  ot  ’.ru*k*in'*v*e*  **4  a**4-i:;-«HC» 
rotttioa  f.uri**  eooklttd  koritoat*!  «***!  «b4  «*«k  otiaalttloa  tl*T) . 
Tk*  lak::**:*  r**ittr*t«  taraia*  ***«*tlo»>  TV  «*4  IS.  Var*  **ck  »rv 
orioctatlt*  itiawlatioa  <ri  kv  rotatio*  of  tk*  troak  ttlatlo*  to  tk* 
acationarv  k***  vraookt*  aorotativ*  ilt««iedi  of  kt-id  retatio*  tiv , 


CONTMST  SmiTIVITT  TOKTIOH  Slk  VISW.  klWOUUUKC. 

Iraa  :>*rt  vtaaal  atiaaii  aiokt  eaaa*  aaaaa*  aa4*r  ctrtai*  ooakitioaa.  Thia  aiokt  kaaaon.  ter  <iai>'!.i«.  it 
tk*  viaaal  laaat  4***  aot  tit  to  taaoeraaev.  aaaerv  **4  taooritac*.  Tk*  r*eor4iaot  of  iraaaiOBt  viiaal 
tTokak  Mtantiil*  *44*4  iaaertaat  iafotaatioa  to  oar  •aoaioOo*  of  tkt  vituai  avata*.  Svtn  mr*  infor.'sa- 
noa  of  thia  kia4  caa  k*  *xe*et*4  ov  tk*  atitieaarv  oiaaat  **ok«4  tetaatiaia  eoa  eoatna  in  aa*  il2.  1  . 
rt.  ik.  i*t.  Tkia  aatnoO  aaaktaa  aa  to  Ootara^ia*  ta«  eeatraat  aaaaitintv  obsietiaalv  ay  uaino  linaasi- 
4(1  oratin*  oaitarna.  Tk*  eoatrtat  taaetioa  eaa  k*  tot*  iaaorttat  ia  tareat  dotoetio*  at4  i4*ntitic(tiop 
tkta  oitaa)  tcaiiv  112.  11.  K.  Ki.  Siaatoida;  eratiaoa  variad  ia  tiaoaaney.  eeatraat  and  nhaa*  aiU 
dalirar  a  viaaal  aoaivalaai  (viaaooraal  of  a*  tadiooraa.  Viaaal  aoai'v  .‘•atauraa  aaaaitiricv  at  hioh  aea- 
tial  traaaaaciaa  «htla  eoatratt  aanaitivitv  tup.rtieaa  eovtr  a  aid*  raaoa  ot  aaatial  fraovanc.ta.  Indivi- 
daal  diffartaeat  ia  contraat  taaaitivitv  taaetioaa  are  tk*  kaait  ot  dittaraaraa  in  oortorRanca  ot  cob- 
elax  taaka .Coatarib*  rattarck  do**  to  tar  iadiettad  tktt  eeatraat  aanaitivitv  and  net  vitual  acuity  nra- 
dietad  aieulatad  tareat  d*t*etio*  (12.  ID.  N::tk«r  ttvdi**  ralatad  to  aisa  and  diatanc*  narcaotion 
oeevrin*  »ith  artificial  aiaalay  avttaaa  orokaalv  «ill  add  to**  itforattio*  to  tk*  undaratandiao  of  ti- 
avlator  iaduead  oroklaN. 

Ot  eeora*  vitior.  olav*  alto  a  rol*  in  aaatial  oriaatttio*.  body  oeatvr*.  tareaotiea  of  tali  notion  and 
leeoeetioa.  Tk*  aokiant  sod*  of  viawal  arocdtaia*  ia:*r*etn  «itb  tk*  vaatikultr.  toaateaanaorv  and  audi¬ 
tory  avata*  to  aukaarv*  tNtial  orioatatie*.  aoaturt  *a4  *ai*  atakillty  (20.  22). 

mviswnnoRV  eoivikeciKi. 

Tka  arataaod  tuaction  ot  eoavorvin*  iatoraaaioa  via  aaltieedal  avaaorv  iaaut  i*  coaacioua  aarcaation  of 
toaitiea  ia  aaae*  tad  et  aovaatata  (22).  Tk»t  iafotnatii*  froe  aav  variakaral  aanaory  oretn  ia  aaldoa 
tranafarrad  tad  aaalyiad  aaatratalv  oa  tk*  cortiral  t*>*t.  lataerttad  aarcaation  takaa  nlac*  tlraadv  in 
aakcorticai  lavala  (2.  i.  11).  Hultiacnaorv  coovireoae*  and  aalactiv*  data  caductioa  occur  at  any  'in* 
in  tvary  day  lif*.  Thav  ar*  ot  anacial  intaraat  in  coealax  tiakt  lik*  tiaulatot-  *ork.  Ralativ*  araar  da- 


r*»c«  M  twiwv  iMtlttv  •ttk  rotMt  t«  iMeltit  4m  t*  Mtten*  t*iki  with  rtttrtnc*  to 

WMTIMM  «M  MMr«  :*«  k«*wo«>  M*  •M4«r  tkkt  kitkly  tatktitteot«4  m4  olkkoroto  tt«4t*»  cMe*ntrit«4 
M  Okk  Mnkorv  MkoUtv  4o  k«t  ikktkit  Mlikkl*  U4  atotot  IttMMtlM  ter  tkete  ee«»l*k  lnt*r»o4tl 
eeer4iatiie!i  (if). 

HOTOk  »mtM. 

Heltleedal  «*e«orf  eektereeke*  it  itc^xtrv  ter  eeier  eeekeettee  <4.  M.  il.  it),  T(it  Mter  eertix  it 
(ertteotM  to  tk«  ttktery  eertek.  Fro-  the  leeterv  Mitt  et  rite,  th«  Mter  tertee  it  Nitly  e  toMte- 
••aiot*  «ni(  rtttikeitr  ttteclttleo  tret  (tt).  tltkit  tkt  eeter  certtx  eel*  tkete  leeeitentt  ere  retreiee' 
tea  ef.ich  nett  tefhittieetet  teetile  eet  eretrieeettiee  reeeletiee:  e.e.  tiheer-.  h*M-.  tottue-.  lie- 
tot  eovotentt  (?.  IS),  heeeter  irtleultterv  itereeeett  ter  eteekitt  ere  tei4et  be  ttrnicke't  eeriivl- 
"..in  leeeek  tret  II.  It,  IS.  it,  SI',  tee  noeenentt  ere  leeellrea  in  the  ttfeccieittl.  eeittrier.  ee- 
riettl  tr.4  (renttl  eorttk  <1,  It),  Thee  tre  net  reereeeetet  in  tke  iteter  tertex  it  til.  The  rotor  tetter, 
it  rttker  4eethtrelite4. 

tiHtM  nncTtw  or  tu  tw). 

Ooeeite  tke  lecektrelittnex  et  tke  eeter  xette*  teeterti  eeorUnetiee  keteeen  ttleeettiee  in4  ereerie- 
eeetiee  tetttet  it  heeetttre.  Tbit  teeetiee  it  tektereel  be  tke  irenteMliel  ttreiiekic  teeeieMxterv 
Mter  tret  (Mk).  Hetlettiee  w4  oltMixe  trt  ckuMlek  into  tiie  Mter  lettex  eit  tke  Mk  (t.  f.  it.  li. 
il.  sS).  Tbit  tree  eite  bet  t  reel  tielM  tebctien  in  Iteieint  on  the  tttrt  ot  t  Metetnt.  The  4teitien 
ter  the  riek’  eojHnt  ter  tetiex  nett  ttke  Into  teeeebt  tke  externtl  tnl  Inttratl  titettiee.  Tbit  it  the 
exblttttion  lor  tht  extrtertintre  xtltitele  el  efferent  tn4  efferent  teeaertiont  ot  tke  IHk.  Thit  tret 
hot  t  eeeeeretnet  ot  telteeetiet  innutt  eit  lebtore  treieetiee  tb4  tttecittiob  trett  (loatttier  eotiex) 
tab  tree  Mtiettienei  iabeitet  iroit  tht  tiebic  tettee  (I.  ID.  et  ktee  •  leneitebintl  funetionti  tiei- 
tiee  ef  tke  krtix.  known  tt  kehitektrie  tMeitiltttiee.  Ferthernore  wt  keee  t  trtntettte  fwhctientl  4i- 
eitiet  ot  tke  krtia.  Tht  rttrereitnOic  rotttrior  tort  with  tke  teneere  titeeietion  tret  4ttlt  with  thi 
externtl  fettwret  et  t  titettiee.  The  lionttl  leket  tre  rtiniw  eoncerneb  w)'.h  interntl  treeett  ot  ec* 
tien.  Tbit  itelMet  eeer.Mettiee.  plannina.  entieiettien  tn«  teeeortl  taaetnci  IS.  rl>,  Wt  *te  leetk  ot 
tn  thterier  xetiettieeel  brtin  tx«  t  notterier  tttentiontl  brtin  it'.  The  neeetitrv  eoerbinetioe  it  tun- 
teretb  by  tke  SKk.  The  trioiM  tebcticn  et  the  trento-Mtiel  cortex  (S!!k)  ter  eolenttre  leit-tteeb  noet- 
stbtt  it  very  well  doeentntei  kv  itebiet  et  tke  tertiee  leettite  kerei'.tehttttnotebtltU  (IF)  or  tttbi- 
nttt  Mttbtitlt  (T.  t.  t.  14.  IS). 

yiSaOMOTOb  TMCXIItO  kKD  HQTOI  bUKKIHC. 

Vitueneter  trttklnw  tttkt  inelute  roluetirv  lelf-tteel  ttb  ttirelue-lmenbent  roeerentt  in  reibonte  to 
li»e-ioeke4  tyeutt  IT.  it.  iS). 


Fit.  4. 

breed  tTer.toti  ot  cerebrtl  eeteocitlt  tcrcit  14  .lubiectt.  HotoMltr 
reeerbinet  tt  linked  tin.  Dotted  lixet  indiette  double  ttenderb  er¬ 
ror.  Tine  tetle  I  tec.  Virtietl  linet;  yoluntitily  init.'tttd  ttiaulet 
eattt  ItwO);  ohtaee  in  direction  ot  the  itiaulut  It*!)  i  feet  reeet  et 
tke  ttltulut  It'D.  The  different  eerticil  trett  ikow  different  btt- 
teret  et  eeottirity  tnd  petitieitv.  FC>  (SMk):  froato-aed..  Oi:  riyht 
oeeiplttl  nG-tltctrode  potitieit.  0i  it  exexpltry  for  toe  yitptl  pro¬ 
jection  tret. 
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riQ.  4  thowi  hind  trichina  with  i  find  tin  pcoarui.  Bitwicn  iicond  0  ind  1  thi  Tliuil  itlnului  con- 
itintlv  ceil  In  i.rindoB  dirietlon.  In  tie  1  i  tuddin  ehtnai  in  itinului  dirietlcn  oceuri.  Iitwiin  tic  1 
lid  2  tht  itiatilvi  noTit  in  tnothir  eonttint  rtndoi  dirietlcn.  Tbi  Aotiwttion  ivittn  it  tbli  to  intiei- 
pitt  tht  tint  (ixid  ehtneii  o(  itiAultti  dirietlon.  Thirifori  thi  oricidlne  ntattlTi  hiriltiehittipotin- 
titl  (12)  dieUntt  ilriidv  tbout  300  aitc  bitori  the  ehinae  of  itieiulut  dirietlon  o<’ir  tht  SHA  (FCz). 
Ovtr  tht  tilieiptlvt  iiniorv  iiiceiition  trii  (Oi).  howivtr.  i  hieh  nieitlTi  pottntiil  (DAP.  diriettd 
ittintion  potintiil)  ii  niintiinid  until  200  niie  ifttr  tht  chtnot  of  itimului  dirietlon.  Thii  200  aite- 
ipoeh  ripriiintt  the  tint  of  thi  itniory  inforaition  nroettiine  for  tha  niw  triekina  dirietlon  d.  24, 
23). 


CONCLUSIONS. 

Tht  ftw  ehotin  tXMplii  of  IRP  thow  thtt  coiplix  funetionil  ind  topnariphlcil  Infornition  of  thi  itniorv 
tnd  rhi  notor  lyitix  otn  bi  obtiinid.  Notion  cuit  in  tviry  dty  life  or  in  iieuintiil  tantorlaotor  tiiki 
liki  in  siiulitor  work  ciu  bi  ttudlid.  lowivir.  only  i  mill  pirt  of  thi  conolex  inttrwovin  sieuintiil 
iinsorinotor  proem  cm  bt  ixtrietid  for  ix  .vrintntil  tntlyiii.  Thirafort  the  intarpcitition  of  tht  rt- 
iulti  it  rittrietid  tnd  in  axplinition  of  inch  t  conpliritid  topic  liki  liiulitor  licknitf  1$  not  poiai- 
bli.  To  thii  riitriction  wt  etn  tdd  iota  othac  will  known  tieti. 

txpirienctd  lir  criwi  in  ion  likily  to  ixpiritnct  tinulitor  slekniti.  Siaulitor  tickntit  tiiiif  to 
dtptnd  on  cotputtr  aaniritid  tinulitor  lituitiont  tnd  thiir  aultiitntory  ptrevotion  by  tha  pilot.  Tha 
aritt,'C  tht  fidility  of  linulition  tht  non  likily  tinulitor  ticknatt  will  occur  (19,  33). 

Thi  bitt  tinulitlon  of  flipht  lituttioni  it  not  (yit  2)  lauiTilant  to  rail  flieht  ixPiriinct  (33).  Pi¬ 
lot!  btlng  abla  to  raalici  than  diftiraneii  iTin  undir  oriit  work  load  can  be  astunid  to  ba  txpiritncad 
onat.  Tht  tinulitor  tituiiion  dott  not  ixictly  tit  to  tht  rttl  in-fUoht  t.'CDtritnet  tnd  eiuiit  a  nanory 
ec.itlict.  Tha  ntycho-phyiioloaietl  conflict  rilitid  to  tinulatot  induced  tyndroir.tt  nay  oeetur  uncout- 
eiontly.  The  probltn  night  be  ptyeholooietlly  igaravitid  btetut-  t)iay  ire  "flyino"  and  not  doino  .iutt 
tone  tinulator  work  which  night  bteona  hilpful  latiron  during  raa^  flight  nantuvart.  Putting  all  thttt 
infornitiona  tooither  wi  would  tttuni  that  tinulitor  ticknatt  could  ba  raduced  if 

a.  the  tachnicil  davaloonant  eOMld  tlinintti  tht  dlffarinctt  bitwam  tantory  Jtrciption  in  tinulitor  and 
ml  flight  lituitiont,  or  if 

b,  latt  lophitticattd  tinulttori  producing  Ittt  tinilarity  batwaan  training  tituationt  and  ml  flight 
anvivo.-inant  would  ba  uiad.  Doai  akill  acauitition  alwayt  raouira  a  highly  tophitticattd  ri^production 
oi  flight  anvironant  (19.33)  ? 
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DISCUSSION 

VlOLETTEt  Thn  cccaRMnts  (in  French)  by  Dr.  Violetta  could  not  be  translated  due  to  the 
quality  of  the  tape  recording.  The  following  la  an  estimate  of  the  Intended  content 
of  a  small  paat  of  his  conansntary: 

I  oongretulate  the  speaker  on  his  outstanding  presentation.  The  review  of  neuro¬ 
physiological  systems  was  most  enlightening,  in  my  opinion,  this  talk  should  have  been 
included  in  the  opening  session  of  this  meeting.  I  feel  that  conditioned  reflexes  have 
not  been  sufficiently  addressed.  The  highly  experienced  pilot  is  conditioned  to  expect 
particular  patterns  of  sensory  feedback  when  he  initiates  control  actions  in  his  air¬ 
craft.  Nhen  ha  initiates  the  same  control  action  in  a  simulator,  the  sensory  informa¬ 
tion  he  has  bean  conditioned  to  expect  is  not  forthcoming.  This  explains  the  simulator 
sloknaas  of  experienced  pilots. 

Dr.  Violetta  then  commented  on  terminology. 

KRIEBELt  I  think  that  we  have  had  too  much  talk  on  one  point.  Every  point  should  be  dis- 
cussed  In  detail  with  reference  to  what  we  know  from  physiolorlcal  experiments.  However, 
this  would  take  the  rest  of  the  session,  and  I  think  the  chalman  would  not  permit  me  to 
answer  in  such  detail.  I  would  like  to  make  a  very  short  cemxuent  on  the  terms  we  are 
using,  for  example,  the  term,  motion  cues.  English  is  not  my  mother  language  -  in 
everyday  language  and  in  scientific  language  also  -  %fe  have  quite  a  lot  of  terms.  When 
you  try  to  interpret  them,  you'll  find  that  they  are  sometimes  senseless,  yet  they  are 
still  used  because  everybody  knows  what  we  are  speaking  a)»out  even  if  it  is  not  defined 
in  great  detail. 

VIOLETTE:  Not  translated. 

CHAIRMAN:  Gentlemen,  we  must  atop  this  discussion  to  allow  time  for  the  other  papers. 

We  will  accept  one  more  question,  harry,  do  you  have  one  quick  question? 

YO^Gt  Yes,  it's  a  brief  question  to  the  author.  Briefly,  you  stated  that  the  cortl- 
cal-evoked  potentials  were  uniquely  vestibular,  and  I  would  like  to  know  what  is  the 
evidence  that  they  are  not  an  artifact  of  the  auditory  cues  or  a  representation  of 
other  somatosensory  inputs? 

KRIEBELt  First,  I  didn't  say  that  they  vara  only  of  vestibular  origin.  I  said, 

"mainly  of  vestibular  origin."  In  reproducing  the  test  situation,  and  in  comparing  it 
with  the  patient's  data,  it  seems  that  these  potentials  might  be  caused  by  the  vestibu¬ 
lar  system.  I  am  not  very  certain  of  this  because  as  I  indicated,  only  excitation  of 
the  vestibular  nerve  would  give  us  more  confidence  that  we  are  recording  only  vestibular- 
evoked  responses.  If  you  examine  the  way  we  collected  the  data,  our  analysis  and 
registration  techniques,  you'll  see  that  most  of  the  influence  of  artifacts  of  other 
origins  were  excluded  insofar  as  is  possible.  He  are  very  careful  about  artifacts.  I've 
worked  for  about  3  years,  focusing  on  artifact  problems.  I  did  not  indicate  that  we  have 
only  vestlbular-evoked  responses:  but  soioe  other  authors  do,  and  that's  the  reason  l 
stressed  this  point. 
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SUMMARY 

Reported  incidence  rates  of  vehicular  alnulator-lnduced  sickness  in  operators 
is  highly  variable  both  within  and  between  devices.  Recent  review  of  the 
literature  Indicates  that  documented  incidence  rates  range  from  0  to  nearly  90Z 
In  flight  devices  and  even  higher  in  some  driving  devices.  However,  the 
severity  of  the  simulator  sickness  problem  la  not  adequately  gauged  by  °  simple 
count  of  those  operators  experiencing  one  or  more  physiologic  symptoms. 
Instead,  a  battery  of  metrics  Is  usefol  in  Identifying  and  properly  assessing 
an  Induced  state  of  simulator  sickness.  This  Is  of  particular  importance  with 
the  recent  thrust  In  empirical  research  toward  determination  of  the  effects  of 
simulator  design  parameters,  such  as  control  loop  delays,  on  operator  sickness 
and  performance.  This  paper  reviews  Che  symptomatology  experienced  by 
operators  of  flight  and  driving  simulators.  Drawing  upon  this  review,  depen¬ 
dent  measures  ere  recommended  for  use  In  simulator-sickness  research.  Including 
self-report  forms,  specific  physiologic  Indices,  postural  equilibrium  tests, 
performance  tests,  and  susceptibility  prediction  instruments.  A  tabular  docu¬ 
mentation  of  published  research  studies  concerning  simulator  sickness  Is  also 
provided,  as  is  a  discussion  of  the  ramlflratlons  of  the  problem. 
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INTRODUCTION 


Background 

Simulator-Induced  syndrome,  more  commonly  termed  "simulator  sickness,"  has  received 
considerable  notoriety  In  recent  years.  There  are  cases  In  which  specific  vehicle  simu¬ 
lators  have  developed  a  reputation  for  Inducing  Infirmity  symptoms  In  operators  and  as  a 
result,  have  been  severely  hindered  In  application.  Not  only  do  operators  often  become 
leary  of  these  devices  because  of  the  discomfort  they  may  produce,  training  Instructors 
and  researchers  may  become  skeptical  about  their  ability  to  provide  a  realistic  vehicular 
control  experience  (Casali  and  Frank,  1986).  Though  the  severity  of  the  simulator- 
induced  syndrome  Is  highly  variable  among  devices,  and  a  few  devices  have  no  reported 
problems,  It  Is  clear  that  a  serious  and  ill-defined  problem  does  exist.  Unfortunately, 
human  factors  research  aimed  at  determining  the  simulator-based  causes  of  the  syndrome 
has  lagged  considerably  behind  the  rapid  advances  made  In  simulator  technology,  which 
have  greatly  expanded  performance  capabilities  and  application  potential  of  the  devices. 
In  fact,  since  the  first  documentation  of  simulator  sickness  by  Havron  and  Butler  In 
1957,  there  has  been  a  paucity  of  empirical  studies  to  determine  either  the  symptoma¬ 
tology  or  the  etiology  of  the  problem.  Most  of  the  existing  work  Is  summarized  rn 
tabular  form  In  this  paper. 

Simulators  have  been  employed  to  mimic  several  full-scale  vehicular  systems.  Includ¬ 
ing  fixed-  and  rotary-wing  aircraft,  automobiles,  heavy  trucks,  tracked  military 
vehicles,  surface  excavation  equipment,  underground  mining  devices,  railway  locomotives, 
space  vehicles,  shin  bridges,  and  submarines.  Of  these,  automobile  and  aircraft  devices 
have  most  often  been  reported  to  have  simulator  sickness  problems.  Usually,  the  display 
parspectlve  In  devices  which  are  reported  to  elicit  sickness  is  "Inslde-out"  rather  than 
"outslde-ln."  That  Is,  the  operator  views  an  out-the-wlndow  scene  through  the  windscreen 
and  performs  as  an  In-the-loop  controller.  Reports  of  sickness  with  "outslde-ln"  devices 
are  rare,  though  sickness  has  occurred  In  some  si.mulators  In  which  certain  crew  members 
do  not  view  an  out-the-wlndow  scene  (e.g.,  Casail  and  Wierwllle,  1986),  and  In  tele- 
operated  systems  (Pepper,  1986).  Symptomatology  of  the  simulator  sickness  syndrome 
varies  widely  among  Indlvlducls  who  experience  It  and  among  simulators  that  Induce  It. 
Acute  effects  may  Include  headache,  dizziness,  disorientation,  eyestrain,  cold  sweating, 
pallor,  burping,  nausea,  and  aven  full  emesis.  Degraded  vehicular  control  and  task  per¬ 
formance  may  also  result,  which  certainly  inhibits  the  learning  experience  and/or 
Influences  the  research  process  (e.g.,  Casali,  1981).  And  particularly  disturbing  are 
the  residual  post-simulator  symptoms.  Including  prolonged  nausea  and  malaise,  fatigue, 
motor  dyskinesia,  visual  dys functioning,  ataxia,  and  In  rare  Instances,  Illusory  visual 
flashbacks  to  the  simulator  experience  for  up  to  10  hours  afterward  (Kellogg,  Castore, 
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and  Coward,  1980) •  In  certain  aillcary  alaulatora,  the  "afCaraf facta"  hava  baan  daanad 
tavara  anough  to  warrant  prohibiting  actual  aircraft  flight  for  a  pradatamlnad  post- 
slaulator  parlod  (o.g,,  Fltron  124,  1981). 

Raalflcatlona  of  tha  Problaa 

SlBulatora  rapraaant  a  uaaful  rasourca  for  rasaarch  and  daalgn,  training,  tcraanlng, 
and  proflclancy  aalntananca.  Rallanca  on  aircraft  and  ahlp  brldga  slaulatora  for 
Instructional  purposas  Is  particularly  high  In  tha  allltary  and  aarltlua  Industry, 
raspactlvaly.  Driving  and  flight  devlcas  ara  also  haavlly  eaployad  in  rasaarch  and 
systaa  daslgn.  Slcknasa  which  accoapanlas  simulator  usa  in  those  applications  poses 
several  problaas  which  may  inhibit  aiaulator  affactivanass  (a.g.,  Casali,  1981;  Frank, 
Kellogg,  Kennedy,  and  McCauley,  1983).  ^ough  tha  state  of  sickness  in  operators  may  not 
always  be  particularly  overt  or  savara,  tha  ramifications  of  tha  occurrence  ara  quite 
serious,  albeit  in  many  eases,  subtle.  A  few  of  these  ramifications  warrant  mention. 

1. )  Compromised  trainina.  Trainee  sicknese  may  interfere  with  training  syllabus 
objectives  due  to  distraction^  disruption,  and  reduced  trainee  confidence.  Trainees  may 
adopt  certain  strategies  to  reduce  the  inducement  of  sicknese  in  the  simulator,  such  as 
Judiciously  using  certain  control  movements  which  result  in  innocuous  simulator  motion 
response.  Obviously,  such  strategies  aay  be  totally  inappropriate  in  the  full-scale 
vehicle  for  the  same  set  of  circumatances .  As  a  result,  there  is  potential  for  negative 
transfer  and  habit  iiiterfarenca  when  the  full-scale  vehicle  is  undertaken,  particularly 
for  novice  trainees.  The  need  to  "unlearn"  such  responses  results  in  inefficient  utili¬ 
sation  of  the  simulator  end  transfer  vehicle  as  well  as  wasting  trainee  and  Instructor 
time. 

2. )  Safety  riahs .  Though  post-simulator  driving  or  flying  incidents  and.  acci¬ 
dents  f.-*  not  well-documented,  aimlator  sickness  does  pose  a  potential  safet.v  aeard. 
While  there  appears  to  exist  no  firm  evidence  that  post-sisulat'-.r  accidents  are  corre¬ 
lated  with  simulator-induced  aftereffects  (McCauley,  1984),  measures  have  been  taken  to 
restrict  some  day  flight  In  U.S.  Wavy  aircraft  following  simulator  exposure  (OPMAVINST, 
1984) .  Ataxia,  visual  dysfunction,  and  visual  flashbacks  are  symptoms  which  are  of  par¬ 
ticular  concern  to  tha  post-simulator  safety  of  operators. 

3. )  Inuppropriate  behavioral  response.  Simulator- induced  sickness  constitutes  an 
inappropriate  oy-producc  of  the  simuletor  experience.  If  it  were  the  case  that  simulator 
subjects  became  ill  under  precisely  the  same  set  of  conditions  for  which  they  became 
motion-sick  in  the  actual  vehicle,  then  tneoretlcally  tha  sickness  would  be  appropriate. 
However,  this  is  not  usually  the  case.  For  instance,  drivers  of  automobiles  rarely  get 
sick  but  passengers  often  do.  However,  certain  driving  simulators  are  notorious  for 
inducing  sickness  in  the  driver.  Because  such  a  simulator,  but  not  the  full-scale 
vehicle  it  attempts  to  replicate,  induces  operator  illness,  it  can  be  argued  that  the 
simulator  is  Inadequate. 

4. )  Validity  problems.  Related  to  the  issue  of  artificial  behaviors  is  the  influ¬ 
ence  of  simulator  sickness  on  device  validity.  The  presence  of  sickness  constitutes  an 
extraneous  source  of  variance  In  the  operator's  data,  because  it  does  not  correspond  to 
responses  observed  in  the  actual  system.  Therefore,  it  poses  a  threat  to  the  validity  of 
the  simulation  and  acquired  data  may  not  be  readily  generallsable  to  the  actual  system. 

5. )  Reduced  utilization.  Simulator  utilisation,  and  the  development  and  reali¬ 
sation  of  simulator  application  potential  in  general,  la  inhibited  by  the  problem  of 
operator  sickness.  As  a  result  of  the  discomfort,  instructors  and  trainees  alike  aay 
lose  confidence  In  simulator-based  training  and  consequently  may  net  use  the  simulator  ir. 
a  serious  or  consistent  manner.  Trainee  motivation  and  attention  are  essential  to  an 
efficient,  affective  training  program  but  these  needs  are  somewhat  opposed  by  the  problem 
of  trainee  sickness.  From  a  research  standpoint,  the  performance  data  obtained  from  a 
sickness -Inducing  simulator  are  suspect  and  diminished  use,  and  well  as  decreased  fund¬ 
ing,  may  result. 

6. )  Ethics.  Particularly  in  military  training  devices,  the  problems  caused  by  sim¬ 
ulator  sickness  may  be  outweighed  by  the  necessity  and  benefit  of  the  training  effort.  A 
moderate  degree  of  sickness  may  be  acceptable  (and  furthermore  lessen  with  exposure)  as 
long  as  training  objectives  are  not  overly  compromised.  It  is  difficult,  however  ,  to 
apprise  trainees  or  subjects  of  the  potential  of  sickness  beforehand  without  biasing 
their  behavior  in  the  simulator.  Accepted  ethical  principles  of  informed  consent  in 
research  (e.g.,  American  Psychological  Asso.,  1982)  dictate  that  such  disclosure  be  made 
to  subjects  who  are  undertakik.g  a  decision  to  participate  in  a  simulator-based 
experiment . 

EXPERIMENTAL  INVESTIGATION  OF  SIMULATOR- INDUCED  SICKNESS 

The  aforementioned  implications  of  simulator- induced  sickness  give  rise  to  the  need 
for  research  attention  to  alleviate  the  problem  via  simulator  redesign  and  the  appli¬ 
cation  of  countermeasures.  Although  the  literature  is  somewhat  limited  in  this  regard, 
several  studies  have  been  performed  to  determine  the  scope  and  severity  of  the  sicknass 
problem  in  specific  simulators.  A  very  few  studies  have  also  investigated,  in  limited 
fashion,  several  simulator  design  features  which  are  thought  to  contribute  to  sicknass. 
However,  the  etiology  remains  ill-defined  and  further  work  is  required  before  the  under¬ 
lying  causes  era  fully  understood. 
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Prior  R>«««rch  -  Tabular  Ovrvlw 

Th«  Tcoaorch  otudloa  and  incldanca  accounta  of  alaulator-lnducad  alcknaaw  axtat  In  a 
varlaty  of  tkn  payeholotlcal ,  phyaloloflcal ,  aaroapaeoi  atlltary,  and  hxiaan  factors 
lltaraturOt  Xn  an  aetanot  to  ro<hiea  thla  lltaratura  oaaa  to  a  conctaoi  oaallyrofarancad 
fom,  Tablaa  X  through  3  vara  davtaad>  Thaaa  tablaa  ara  Intandad  to  provlda  tha  raadar 
vlth  a  quick  background  rafaranca  on  alaulator  alcknaaa  raaaarch.  Including  Inforaatlon 
about  tha  amptOMteXogy,  aavarlty,  and  Indepandont  varlabXaa  Invaatlgatad.  Tha  tabXaa 
ara  not  axhauatlva  nor  cXX-lneXualve;  aa  auch,  tha  raadar  ahouXd  rafar  to  tha  orlginaX 
rafarancao  for  apaclflca  eoncarnlng  axparloantaX  protocoX  and  data  anaXyaaa.  An  attanpt 
Ma  oada  to  Obtain  end  IneXuda  aXl  avalXabXo  ratorancaa  that  hava  dlract  aantlon  of  alau- 
Xator  alcknaaa  occurrancaa  aaong  flight  tralnaaa  or  fXlght/drlvlng  raaaarch  aubjacta.  (A 
vary  recant  atudy  parforood  by  tha  Naval  Training  Syataoa  Cantar  la  not  Included  In  the 
ravlaw.)  Rafarancaa  aro  divided  into  thoaa  of  an  "axparloautal"  nature.  In  '^Ich 
alauXator-lnduead  alcknaaa  was  tha  prlaary  focua  of  an  Invaatlgatlon  (aaa  Tables  1  and 
3),  and  thoaa  of  an  "anecdotal"  nature.  In  which  the  incidence  of  operator  alcknaaa  was 
slaply  reported  aa  it  occurred  in  conjunction  with  an  applied  effort  (aaa  Table  5) •  Tha 
latter  group  of  raporta  Include  aantlon  of  alaulator  alcknaaa  In  the  context  of  ita  hln* 
drance  to  a  training,  raaaarch,  or  evaluation  effort  and  not  as  the  Intent  of  an  axparl- 
aental  Invaatlgatlon.  Tha  axperlaantatlon  raporta  vary  conaldarably  in  tha  level  of 
detail  provided,  though  in  all  cases,  the  reports  ara  catalogued  to  the  fullaat  extent 
possible  with  respect  to  those  aspects  gacaane  to  alaulator  alcknaaa.  Blanks  In  the 
tablet  Indicate  that  cither  the  Inforaatlon  was  not  evaluated  or  not  reported  in  the 
Qcudy.  Significant  effects  designate  only  thota  flndinfs  which  ware  atatlstically- 
slgnlflcant . 

It  is  difficult  to  draw  conclusions  about  a  atudy  on  alaulator  sickness  without 
first  knowing  the  characteristics  of  tha  device  on  which  It  was  perforaed.  For  thla 
reason,  provided  in  Tables  2  and  4  is  an  overview  of  specific  simulators  used  in  the 
studies.  Brief  Inforaatlon  on  tha  alaulator  visual  display,  motion  system,  operator 
cockpit,  auditory  system,  operating  procedures.  Intended  appllcatlo^is,  and  corresponding 
actual  vehicle  is  provided. 

Inforuatlon  in  the  tabular  overview  la  further  subdivided  into  atudlaa  perforaed  on 
an  automobile  alaulator  and  Chose  perforaed  o'>  an  aircraft  simulator.  Moat  research  has 
been  conducted  using  aircraft  devices,  Che  majority  of  which  are  fixed-'Wing  military 
devices  (Table  1).  Table  2,  which  la  intended  to  be  paired  with  Table  1,  provides  infor¬ 
mation  on  Che  aircraft  simulators  used  In  the  studies.  Though  fewer  experiments  have 
been  conducted  on  driving  slmulaCora,  more  emphasis  has  been  placed  on  Che  manipulation 
of  simulator  Independent  variables  In  Che  driving  studies.  Thla  research  la  documented 
In  Table  3  which  corresponds  to  Che  driving  simulators'  features  In  Table  4.  Finally, 
Table  5  consists  of  simulator-induced  sickness  incidence  raporta  In  both  flight  and  dri¬ 
ving  devices. 

The  tables  are,  for  Che  most  part,  self-explanatory.  However,  In  Table  1,  It  should 
be  noted  Chat  the  Hartman  and  Hatsell  (1976)  study  which  used  the  simulator  for  air- 
to-air  Combat  (SAAC)  was  conducted  with  the  motion  system,  whereas  the  Kellogg,  CasCore, 
and  Coward  (1980)  study  was  performed  on  the  SAAC  without  motion.  (Currently,  the  SAAC 
Is  operated  for  training  without  the  motion  system.)  A  spectral  analysis  of  heave  motion 
In  the  SAAC  was  conducted  by  Hartman  and  Hstaell,  Indicating  that  a  majority  of  spectral 
energy  fell  between  0.2  and  0.4  He,  with  a  peak  at  approximately  0.23  He.  As  established 
by  O'Hanlon  and  McCauley  (1974) ,  a  provocative  stimulus  for  Inducing  motion  sickness  Is 
vertical  oscillation  of  approximately  0.2  Hz.  Consequently,  the  Inherent  motion  energy 
spectrum  of  a  simulator  would  be  a  critical  factor  lii  the  Inducement  of  simulator 
sickness . 


Etiology 

Though  the  Intent  of  this  paper  Is  not  to  address  the  etiology  of  simulator- Induced 
sickness,  the  Independent  variables  noted  In  Tables  1  and  3  and  tha  simulator  descrip¬ 
tions  In  Tables  2  and  4  may  provide  limited  guidance  In  targeting  simulator  design 
characteristics  vlth  potential  for  influencing  sickness.  In  general,  however,  because  so 
few  of  the  studies  have  defined  the  stimulus  conditions  under  which  the  Inducement 
occurred.  It  Is  difficult  to  draw  firm  conclusions  regarding  the  salient  variables.  It 
appears  that  sickness  Is  provoked  by  a  stimulus  array  emanating  from  certain  design  and 
usage  characteristics  of  simulators,  and  that  this  array  may  differ  between  devices. 
Indeed,  the  causes  of  sickness  may  be  simulator-specific,  especially  In  that  relatively 
subtle  characteristics  of  a  given  simulator.,  such  as  geometric  display  distortion  due  to 
lack  of  alignment  maintenance,  may  Influence  subject  discomfort.  Identification  of 
critical  stimuli  In  one  device  may  not  be  generallsable  to  other  devices.  Thla  problem, 
coupled  with  the  likely  interactive  nature  of  soma  stimuli  (such  as  display  field-of-vlew 
and  scene  detail),  makes  the  causes  of  simulator  sicknasa  somewhat  difficult  to  Investi¬ 
gate  and  Isolate. 


There  has  been  limited  progress  In  Identifying  certain  simulator  characteristics  in 
need  of  research  attention  with  regard  to  their  Influence  on  operator  dlecomfort  (e.g., 
McCauley,  1984;  Casall  and  Wlerwllle,  1986).  Some  of  these  characteristics  are  not 
simulator-specific  In  that  they  occur  in  many  simulators  and  research  results  concerning 
them  may  be  generallsable  Examples  Include  contrcl  loop  lags  and  delays,  control  load¬ 
ing  and  response,  motion  system  axes  and  position/acceleration  envelope,  notion  spectrum, 
display  medium  and  optics,  display  fleld-o£-vlew  end  scene  detail,  display  update  rates, 
dynamic  Imaging  problems,  and  cockpit  en.xronment  (e.g.,  tenperi.ture,  humidity) 
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char«etarl«tlca .  Thaaa  are  but  a  few  exanplea,  aa  over  60  iniSependent  variables  have 
been  Identified  In  McCauley  (1984). 

Aa  can  be  aumlsed  from  Tables  1  and  2,  a  few  Independent  verlablea  have  already 
been  investigated  and  their  laolateu  influence  on  operator  dlscoefort  deteralned. 
Brlafly,  these  include  the  following  findings:  (1)  visual  aystan  transport  delay  is  more 
disquieting  than  motion  system  delay,  visual  cue  should  lead  (temporally)  motion  cue 
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V>  cnUtlcc  In  crwilcc  ralcrcncM  In  Tckla  t> 

*tHMrt«ntnl,  V-«artlccl,  ro»-Hal*iat*ala». 

Vaittik,  R-rall,  f-aw,  Ut-lon«|tiiC|nal.  kT-latarcl.  «-Mrtlecl  U  tottl). 

^Ona  nincen  rW;  aonaclircna  4l>alC|l  nMnC  for  fllakt  «ntr>  In  imnwiait  W,  Cwlen  (ne>  ID* 
%CDcnnally)a«|lac  tleetranlec  Q>r^«tlan> 

*OCtv  ccaarc  acacl  tcrict  arciactora, 

^SCTV  ennarc  aa4cl  tafat  pralactcra  anC  Cai  eairlar  far  IwCIng  via  ICCC  TItal  IV> 

’ICraa  IratraetaC  net  ta  viva  diaalaf  airlni  raaat* 

*Hgitlen  aaat  dlaCaiad  durln(  Uliana  at  al>  «taCv> 


(Frank  at  al.,  19S7)i  (2)  no  affacc  of  vlaual  dalay  on  alcknaca  (Ullano  at  al.,  1986); 
(3)  axparlancad  plloCa  (or  drlvara)  aora  suacaptlbla,  dltcoafort  aubsidaa  with  Ineraased 
■isulator  aspoaura  (Kallogg  1980;  McGuinnaaa  at  al.,  1981;  Honay,  1980;  Raaton 
and  Dlaa,  19/1;  Ullano  at  al.,  1986);  (4)  tilt  cualng  of  latoral  accalaratlon,  dalayad 
dynaalca,  and  aubjaet  ancloaura  halghtan  oparator  unaaainasn  (Caaall  and  blarvllla, 

1980) ;  (3)  pilot  (controllar)  aora  auacaptlbla  than  paaalva  craw  (McGuinnaaa  at  al., 

1981) :  (6)  no  dlffarancaa  batwaan  aotlon/no  notion  with  ravpact  to  dapandant  naaauraa 
(Croaby  and  Rannady,  1982;  Hartnan  and  Rataall,  1976;  Ryan  at  al.,  1978);  (7)  raductlon 
In  alcknaaa  ayaptona  with  addition  of  notion  In  V/STOL  (Slnacorl,  1967);  (8)  off-axla 
vlawlna  of  dlaplaya  producea  dlacoafort  and  ataxia  (Croaby  and  Rannady,  1982);  and  (9) 
flald'Indapandant  aubjacta  aora  auacaptlbla  than  flald-dapar.danta  (Barratt  and  Thornton, 
1968).  Caution  agalnat  Intarpratlng  thaaa  flndlnga  In  tha  global  aanaa  la  advlaad.  Dua 
to  tha  polyganlc  natura  of  alaulator  alcknaaa,  aay  factora  aay  contrlbuta,  alngly  or  In 
concart,  to  Induca  a  atata  of  dltcoafort. 

SyNPTOMATOLOGY  MEASUREMEKT 

Proa  tha  precadlng  tabular  ovarvlaw.  It  la  claar  that  tha  alfaeta  of  alnulator- 
Inducad  alcknaaa  aay  ba  nanlfaatad  via  a  varlaty  of  algna  and  aynptoaa.  Tr  proparly 
atudy  tha  problaa,  tha  aalactlon  of  valid  and  rallabla  dapandant  varlablaa  for  Idantlfy* 
Ing  dagraaa  of  oparator  alcknaaa  and  for  aattaalng  tha  affacta  of  aanlpulatad  alaulator 
varlablaa  auat  ba  dona  with  eara.  lha  laportanca  of  racognlalng  tha  polyayaptoaatlc 
natura  of  tha  atata  of  alaulator-lnducad  alcknaaa  haa  baan  waTl-danonatratad  (a.g., 
Rannady  at  al.,  1984;  Taata,  1969). 
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Th«  purpoiA  of  this  ssctton  Is  to  review  the  nessures  which  have  been  applied  in 
studies  of  slaulstor  sickness  to  date,  assess  the  sensitivity  of  those  ■easurea,  and  pro¬ 
vide  guidance  for  tha  researcher  as  to  which  measures  are  the  most  promising  for  future 
studies-  It  Is  stressed  at  the  outset  that  the  scope  of  this  review  Is  limited  to  pub- 
11s  id  research  specific  to  simulator-induced  sickness  or  closely-related  problems- 
Though  maty  physiological  symptoms  of  simulator  sickness  appear  akin  to  those  of  motion 
sickness,  tha  Intent  herein  is  to  stress  those  metrics  tdrlch  have  existing  data  amts  from 
simulators.  As  such,  an  exhaustive  review  of  the  motion  sickness  literature  and  motion 
sickness  symptomatology  Is  not  Included  In  this  brief  paper.  The  Interested  reader  Is 
advised  to  consult  Money  (1970)  and  Reason  and  Brand  (1975)  for  complete  treatises  on 
motion  sickness  symptomatology. 

Self-Report  Measures 

Probably  the  most  popular  and  aaslly-adelnistered  data  collection  technique  for  sin- 
ulstor  use  Is  that  of  salf-rsport.  Post-simulator  subject  self-evaluation  has  been 
obtained  successfully  In  several  studies  with  a  variety  of  different  questionnaires 
(e.g.,  Barrett  and  Thornton,  1968;  Frank  at  al.,  1987;  Hartman  and  Hatsell,  1976;  Testa, 
1969;  Ullano  et  al.,  1986),  Post-simulator  verbal  Interviews  using  structured  questions, 
have  also  provan  useful  for  discovering  symptoms  and  Identifying  their  frequency  and 
severity  of  occurrence  (Kellogg  et  al.,  1980). 


Particularly  in  tha  caaa  of  a  vrlttan  quaatlonnalra,  It  it  iaportant  that  tha 
aalaetad  inatruaant  it  aaaily  undarttood,  eonciaa  anough  to  coaplata  quickly,  faca  valid 
froa  tha  lubjacta'  point*oC-viaw,  quantifiabla  for  analyaia  pur;jtaa,  rallabla  ovar  tiaa 
and  trials,  and  corralatad  with  objactiva  aaaauraa  which  ara  known  to  ba  valid. 


Motion  aicknaaa  wattionnaira  (MSP).  Tl..  MSQ,  davalopad  by  Wiktr,  Kannady, 
McCaulayh  and  Fapncr  (14^91 ,  naatt  tha  abova  critaria  and  hit  baan  daaonatratad  to  ba 
tanaitiva  to  tiwilator-inducad  affacta  in  aavaral  atudiaa  (a. a.,  Frank  at  al.,  19S7: 
Lillanthal  and  Markla,  1986;  Uliano  at  al.,  1986).  Tha  MSQ  it  a  27>itaB  chackliat  of 
phyaiological  syaptoBt,  aanaationa,  and  viaual/vaatibular  affacta,  toM  of  which  am 
auojact-ratad  on  a  four-point  acala  at  to  thair  aavarity.  Tha  fora  it  utually  adalni- 
ttar'id  bafom  and  aftar  tha  aiaulator  axparianca.  A  primary  faatum  of  tha  MSQ  it  that 
aubjactw*  raaponaat  aay  ba  ratad  poat-hoc  aecordina  to  a  validatad  diaanottic  eatagorl- 


aubjactw*  raaponaat  aay  ba  ratad  poat-hoc  according  to  a  validated  diagnoatlc  eatagorl- 
aatlon  achaaa  to  achiava  a  aavan-noint  aicknaaa  aavarity  acorn  (Kannady,  Dutton, 
Lillanthal,  Ricard,  and  Frank,  1984).  Thia  coepoaita  acora  la  than  applteabla  to 
atatiatlcal  analyaaa.  Wlkar  at  al.,  hava  daaonatratad  that  MSQ  acoma  have  a  aignif leant 
point-biaarial  corralation  of  aaan  r  -  0.63  with  tha  dichotoaoua  erltarion  of  aaaaia/no 
eaaaia.  Baeauaa  of  ita  daaonatrataiS  validity  and  aanaitivitv,  the  MSQ  auat  ba  contidarad 
at  a  aaatum  of  choica  in  alaulator-lnducad  aicknaaa  mtaareh. 

Dimct  Obaarvation 

Tha  aotton-atek  individual  nay  axparianca  a  aubaot  of  approxlaataly  40  phyaiological 
ayaptoaa  which  have  baan  Idantlflad  In  tha  lltaratum  (a.g.,  Raaton  and  Brand,  197S). 
Cartaln  of  thaaa  ayaptoaa  ara  ovart  and  aay  allow  dlract  obaarvation  and  idantlflcation 


idatad  diagnoatlc  eatagorl- 
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by  «n  wcparlMiitar.  Som  gyaptoag,  gueh  ag  Incrgaggd  pallor,  facial  or  llab  per- 
gplratlon,  chanto  In  braathlnc  activity,  change  in  facial  axpracalon,  and  Incraaaad 
awallowtng,  aay  ba  ralatlvaly  aubtla  In  their  aanifaatatlon  and  tharaforo  nocegaltate 
thorough  knowladga  of  the  aubjact'a  noraal  appaaranca.  Othara  auch  aa  violent  burping, 
loaa  M  balance,  guttural  heaving,  and,  of  couraa,  frank  aaaala  are  aore  obvloua. 

Craapton  (19SS)  daaonstratad  the  efficacy  of  ualng  color  photographa  of  aotlon-alck 
Indtvtduela  to  Identify  the  prograaalon  of  overt  ayaptoaa  froa  slcknaaa  onaet  to  full 
eaeala.  Ultano  at  al.  (198e)  found  that  experiaentera  could  reliably  aaaeaa  pre-poat 
alaulator  dlffarencea  In  aubjecta'  phyalcal  appearance  whan  ualng  a  atructured  Likert 
rating  acala.  Llkewlae,  aubjecta  uaed  the  aaae  acale  to  aelf-rate  thalr  own  facial 
appearance  pre-poat  expoaure.  Strong  agreeaant  waa  obtained  between  the  aelf-ratlnga  and 
the  experiaentera*  ratlnga.  Both  rating  technlquaa  daaonatrated  aenaltivlty  to  reduced 
aubject  lllneaa  with  Increcaad  aleulator  expoaure  acroaa  a  three-day  period. 
Experleenter-provlded  ratlnga  wera  alao  parforaed  on  photographa  of  aubjecta  (rather  then 
froa  direct  view),  but  no  additional  Inforaatlon  waa  obtained  and  Intar-rater  reliability 
auf fared  aa  a  reault.  In  any  caaa,  direct  obaervation  of  ayaptoaatology  aay  be  uaeful  In 
augaentlng  inatruaented  phyalologlc  aeaaureaent  and/or  aelf-ovaluatlon. 

Inatruaented  Phvalologlcal  Maaauraa 

Changea  In  bodily  cardlovaacular,  gaatrolnteatlnal,  raapiratory,  blochaatcal,  and 
neaparatura  regulation  functlona  often  arlae  with  alaulator  alckneaa.  Several  p’.iyalo- 
logleal  aeaauraa  have  been  electronically  or  electro-optical ly  Inatruaented  and 


transduced  directly  free  subjects  in  aleulstor  experlaents. 
denonstrated  success  of  each  of  chose  neasurea  follnvn. 


K  brief  discussion  of  Che 


Cardiac  activity.  The  eoat  popular  and  easily-obtained  eetrlc  of  cardiovascular 
activity  la  bhal  oc  heart  rote,  or  slollarly,  pulse  rate  transduced  at  a  peripheral 
artery.  Interbeat  Interval  la  soaeclees  also  neesurod.  These  iseasurea  nay  be  obtained 
via  a  variety  of  techniques.  Including  palpation,  cardlotachonetry ,  electrocardiography, 
phonocardiography,  and  plethyaeography  (Stern,  Ray.  and  Davis,  19B0) .  The  last  of  these 
techniques  relies  on  blood  voluee  cnangea  In  a  bodllv  ■eeber  such  as  an  are,  Isg,  finger, 
or  earlobe.  The  voluee  changes  eay  be  sensed  through  photoelectronlcs  (detecting  opacity 
changea),  lepedance  eeasureaent,  or  strain  gauge  eeasuroeent.  Of  all  the  cardiac 
eeasureeent  techniques,  photoelectric  plethyaeography  obtained  using  an  earlobe  trans¬ 
ducer  eay  be  the  eoat  easily  adalnlstered  and  least  Intrusive  to  the  vehicular  control 
Cask. 

Money  (1970)  reported  that  a  notlon-alck  Individual  aay  exhibit  either  Increases  or 
decreases  In  heart  rate  froe  baseline  levels.  In  a  study  where  subjects  viewed  a  file  oil 
fast  driving  on  curvy  roada  (but  were  not  actively  controlling  the  vehicle),  Parker 
(1964)  reported  an  increase  (froe  baseline)  In  subjects'  heart  rates  In  response  to  the 
file  and  a  decrease  In  finger  pulse  voluee.  The  file  also  croduced  other  definitive 
syeptoes  of  eotlon  alcknesa  In  subjects.  Using  photoelectric  plathyseography ,  Casall  and 
Wlerwllle  (1980)  found  no  changes  In  pulse  rate  as  a  result  of  the  sleulator  task,  though 
other  physiological  eeasuras  wart  stntlciva.  In  conclusion,  lleltad  evidence  exists  for 
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tha  application  of  haart  rata  iieaaurcB  In  atudloa  whara  only  alld  lavala  of 
eapcctad  to  occur* 

Raaplratlon  rata.  The  Baaaura  of  raaplratlon  rata,  or  braatha-per-unlt  tl-oa,  has 
proven  to  ha  a  aanaltlva  Indicant  of  alaulator  slcknaas,  but  tha  direction  of  Ita  change 
(Ineraasa  or  dacraaaa)  froa  baseline  la  Inconalstant  across  studies.  Tha  saa«  Is 
generally  true  of  individuals'  respiratory  rasponsas  to  notion  sickness  (Reason  and 
Brand,  197S) .  In  tha  Parker  (1964)  driving  flln  study,  a  decrease  In  respiration  rate 
was  found  In  subjects  after  they  experienced  the  vectlon  effects  of  the  flln.  Con¬ 
versely,  Testa  (1969)  found  Ineceasea  In  respiration  rate  In  response  to  a  flln-based 
slaulator  axperlaent  In  which  nearly  all  subjects  becaaw  111.  In  tha  driving  slnulator 
studies  of  Casall  and  Ulsrwlllc  (19S0)  and  Frank  at  al.  (1987),  an  absolute  difference 
score  between  baseline  respiration  rate  and  slaulator  exposure  respiration  rats  was 
obtained.  In  both  studies,  respiration  rate  was  found  to  be  a  reliable  aeaaura  of  slnu- 
lator  diacoafort.  Degraded  slaulator  conditions,  such  as  those  Including  large  aaounts 
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o£  delay,  yielded  larger  absolute  value  ahlCta  In  respiration  rate  fron  baseline  than  did 
normal  simulator  conditions. 

Respiration  rate  may  be  obtained  vlth  several  methods,  Including  thermistor  air 
temperature  measurement,  chest  etrain*gsuge  measurement,  thorax  Impedance,  pressure 
pneumography,  spirometry,  and  capacltlve-coupllng  chest  movement  transduction. 
Capacltlve-coupllng  movement  transduction  has  been  applied  successfully  and  without 
Interference  In  several  simulator-baaed  studies  (Casali,  Wlerwille,  and  Cordes,  1983}  ■ 

Skin  resistance/conductance.  As  previously  noted,  cold  sweating  often  appears  with 
the  onset  of  notion  sickness,  though  It  Is  sometimes  absent  in  some  subjects  (Crempton, 
1955).  Sweating  may  be  observed  as  an  increase  In  skin  conductance  (mlcromhos)  or  as  a 
decrease  In  skin  resistance  (ohms).  Skin  potential  (endosomatlc)  measurement  la  obtained 
without  applied  current  while  skin  resistance/conductance  (exosomatlc)  entails  the  use  of 
a  low-level  excitation  current  Both  measures  are  usually  obtained  using  silver-silver 
surface  electrodes,  amplification/condltioning  circuitry,  and  a  strip  chart  recorder. 
Though  care  must  be  taken  in  electrode  placement  and  record  interpretation,  the  instru¬ 
mentation  of  electrodermal  metrics  la  relatively  straightforward. 

Cold  sweating  by  simulator-sick  subjects  has  been  directly  observed  by  several 
researchers  (e.g.,  Barrett  and  Nelson,  1965  and  1966;  Kellogg  et  al..  19E0) .  Parker 
(1964)  Instrumented  the  volar  surface  of  the  forearm  and  found  Increases  (from  baseline) 
In  skin  conductance  (Incraaaad  perspiration)  in  response  to  his  vectlon  film.  (Elactrode 
placament  on  the  arms  may  tend  to  interfere  with  vehicular  control  In  a  simulator, 
parkar'a  subjects  were  passive  in  that  they  only  watched  the  driving  film.)  Testa  (1969) 
also  reported  increased  perspiration  In  response  to  a  driving  almulator,  using  forehead 
elactrode  placement.  Caaall  and  Wlerwille  (1980)  reported  decreased  forehead  skin  resis¬ 
tance  (Increased  perspiration)  when  subjects  ware  enclosed  In  a  bux-llke  almulator  cab, 
but  the  measure  was  not  sansltive  to  other  degraded  aimuletor  conditions ■  Frank  et  al . 
(1987)  did  not  find  the  measure  to  be  sancltlve  fn  their  study.  It  should  be  noted  that 
although  forehead  electrode  placement  nay  be  convenient  for  driving  or  flying  teska.  It 
nay  not  be  the  bast  location  to  transduce  ckln  resletanee  changes  during  notion  sicknest. 
McClure  and  Fregly  (1972)  reported  that  the  response  profile  of  forehead  raalatance 
demonatratua  a  relatively  long  latency  to  sweet  onset  followad  by  a  gradual  rise  of 
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rctponse.  Thla  should  be  taken  Into  account  when  applying  the  measure  across  s  simulator 
run. 


Pallor.  Paleness  of  the  skin  Is  considered  to  be  one  of  the  moat  frequently 
occurring  signs  of  motion  sickness  (e.g.,  Crampton,  1953).  Unlike  nausea  and  emesis, 
pallor  la  generally  thought  to  result  from  hyperactivity  In  the  sympathetic  portion  of 
the  autonomic  nervous  system.  The  constriction  of  blood  vessels  responsible  for  its 
appearance  Is  likely  an  adrenergic  effect  of  sympathetic  nervous  system  activity,  though 
other  chemical  substances  may  play  a  role  as  well  (Money,  1970).  In  any  case,  pallor  may 
be  directly  observed  by  the  experimenter,  either  from  the  subject's  face  Itself  or  from 
facial  photographs  (e.g.,  Ullano  et  al.,  1987).  Pallor  measurement  may  also  be 
electronically-instrumented  using  photo-optical  sensors  to  provide  a  measure  of  skin 
transmissivity  (Casall  and  Wlerwllle,  1980). 

Two  studies  have  demonstrated  the  effectiveness  of  pallor  as  a  dependent  measure 
using  fiber-optics  photo-optical  sensors  on  subjects'  earlobes.  Significant  basellne- 
to-almulator  exposure  Increases  In  pallor  were  found  In  simulator  conditions  designed  to 
Induce  discomfort  In  these  studies  (Casall  and  Wlerwllle,  1980;  Frank  et  al.,  1987). 
These  results,  coupled  with  the  reliability  of  occurrence  of  the  symptom  In  motlon-slck 
Individuals,  indicate  that  pallor  should  ba  given  serious  consideration  as  a  valid 
measure  In  simulator  sickness  studies.  However,  as  with  any  physiological  Index,  care 
must  ba  taken  to  control  for  Individual  differences  and  to  account  for  extraneous  Influ¬ 
ences,  such  as  physical  workload  or  temperature  effects,  on  the  measure. 

Facial  temperature.  A  limited  amount  of  support  exists  for  the  use  of  facial 
temperature  measurement  In  simulator  sickness  research,  Parker  (1964)  reported  Increases 
In  subjects'  facial  temperatures  In  response  to  vectlon.  To  the  euthors'  knowledge,  no 
simulator-based  study  has  Incorporated  facial  temperature  (or  bodily  temperature)  as  an 
Instrumented  metric.  A  thermistor  adhered  to  the  surface  of  the  skin  Is  the  typical 
transducer  for  facial  temperature  measurement. 

There  are  many.  Influences,  In  addition  to  that  of  a  state  of  motion  sickness,  which 
may  alter  facial  temperature.  Care  must  be  taken  to  control  for,  or  partial  out,  these 
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effect*.  Changes  In  enblent  tenperature,  huntdlcy,  workload,  stress,  and  metabolism  are 
but  a  few  factors  which  may  be  Influential. 

Gastrointestinal  activity.  The  gastrointestinal  response  hss  not  bean  Instrumented 
and  Inveatfgef**^  in  simulator  sickness  studies,  though  It  warrants  attention  due  to  Its 
utility  In  motion  sickness  research.  Subjects  often  report  vague  sensations  such  as 
stomach  queaslnass,  fullness,  and  nausea,  though  these  simulator-induced  symptoms  have 
not  been  quantified  using  known  measures  of  altered  gestrlc  motility.  There  appears  to 
be  connlderable  potential  benefit  for  the  use  of  electrogastrography  In  documenting 
gastric  disturbances  In  slmultor-slck  subjects. 

Evidence  for  the  relationship  between  tachygastrls  and  motion  sickness  lies  In  the 
work  of  Stern,  Koch,  Lelbowlts,  Llndblad,  Schupert,  and  Stewart  (1985).  Motion  sickness 
was  produced  In  14  of  21  subjects  who  viewed  a  rotating  drum  conveying  the  experience  of 
vectlon,  or  Illusory  self-notion.  In  cue-conflict  theory,  a  vlsual-vastlbular  mismatch 
results  from  this  experience  In  that  the  subject  senses  movement  through  the  vlsusl  chsn- 
nel,  things  he  or  she  Is  moving,  but  never  actually  change*  position.  (A  similar  con¬ 
flict  can  be  said  to  result  from  a  fixed-base  simulator  experience.)  Stern  et  al.,  using 
electrogastrograms  (EGG)  recorded  from  cutaneous  electrodes  on  the  abdomen,  found  that 
dominant  EGG  frequencies  shifted  from  a  normal  3  cpm  to  an  abnormal  5-8  cpm 
(tachysastrla) ,  In  subjects  who  were  vectlon* Induced  motlon-slck.  Of  the  seven  subjects 
who  did  not  become  motlon-slck,  the  normal  EGG  pattern  of  3  cpm  did  not  charge  during 
motion. 

Because  a  clear  relationship  between  EGG  frequency  and  motion  sickness  la  evident, 
It  appears  that  electrogastrography  should  be  given  serious  consideration  for  use  In  sim¬ 
ulator  slckueas  research.  A  review  of  Instrumentation  and  procedures  for  this  technique 
appear  lu  Stern  et  al.  (1980). 

Postural  Equilibrium  Measures 

Loss  of  balsnce  and  ataxia  are  common  problems  noted  by  trainees  and  subjects  after 
exiting  a  dynamic  simulator.  The  simulator  presents  an  altered  sensory  environment  which 
usually  entails  considerable  vectlon,  and  soma  adaptation  to  ':hls  environment  occurs  In 
the  operator's  visual  and  vestibular  sensory  systems.  Upon  return  to  the  "normal" 
environment,  balance  and  equilibrium  may  be  disrupted  until  the  person  progresses  through 
re-adaptatlon.  Such  effect*  may  ba  measured  using  pre-post  simulator  postural 
equilibrium  tests. 

Several  ataxia  tests  have  bean  applied  In  simulator  studies,  Including  the  walk- 
toe-to-haal,  walk-on-floor-eyes-closed,  stand-on-preferred-leg,  and  stand-on- 
nonprefarred-lag  tasks.  Evidence  for  the  utility  of  ^hese  exists  In  Crosby  and 
Kennedy  (1982),  Kennedy  et  al.  (1984),  Frank  et  al.  (1987),  and  Ullano  et  al.  (1986). 
The  latter  two  studies  amployed  the  two  *tand-on-lag  tests,  dsmonatratlng  them  to  be  use¬ 
ful  Indicants  of  vlaual/vastlbular  disruption  correlating  with  other  sickness  metrics. 
Recent  evaluations  by  Thomlav,  Kennedy,  and  Bittner  (1986)  have  led  to  the  recommendation 
that  the  stand-on-lag  tests  be  selected  for  determining  highly  transitory  effects  such  as 
might  occur  following  simulator  exposure.  Pre-post  slmlator  data  from  these  tests  must 
be  interpreted  with  care  due  to  the  potential  intluanea  of  pre-exposure  practice  on  post- 
simulator  scores.  If  vestibular  disruption  occurs,  test  scores  should  decrease  post- 
exposure;  however,  practice  may  mitigate  this  affect. 
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Pra-po«t  axpoaura  parformanee  t««f .  Thare  is  some  speculation  that  simulator 
axpoaura  may  Iniluanca  a  person's  ability  to  perform  perceptual,  cognitive,  and  psycho- 
motor  tafeKs.  This  is  considered  to  be  a  raault  of  the  altered  sensory  experience  rather 
than  a  direct  Indicant  of  Illness,  chough  illness  may  exacerbate  the  effect.  Research  on 
a  variety  of  simple  pre-poet  nimulator  tasks  has  been  limited  in  scope,  and  the  results 
have  not  been  promising,  at  least  with  regard  to  simulator  affects.  No  stgniflcent  slmu- 
lecor  offsets  were  found  ueing  e  simple  erichmetle  test  in  the  Casali  and  Wlerwille 
(1960)  dcivlrig  simulator  study.  Similarly,  perforaanea  on  a  grammatical  reasoning  task 
was  not  found  to  bs  a  senaltlve  mesaure  by  Ullar.o  at  el.  (1986).  Teat  data  from  several 
atmulators  in  the  Kennedy  eC  al.  (1984)  survey  la  reported  to  be  currently  under 
anelysis.  Theee  reaulte  should  shed  more  light  on  the  utility  of  pre-post  exposure  per¬ 
formance  tests.  At  present,  little  hard  evldance  exists  to  support  their  use  In 
simulator-sickness  studies. 

Vehicle  control  performance  measures.  In  degraded  simulator  configurations  which 
may  Induce  dlecomforc,  such  as  those  with  substantial  transport  delay,  vehicle  control 
performance  be  edversed  affected.  Several  on-line  measures  reflecting  different  aspects 
of  vehicle  controllability  and  tracking  task  difficulty  have  been  applied  to  tap  these 
performance  effeo  (e.g.,  Casali  and  Wlerwille,  1980;  Frank  at  al.,  1987;  Uliano  et  al., 
1986).  Typical  >suies  have  included  the  number  of  small  and  large  control  reversals, 
as  well  as  devla.i.on  in  yaw,  lateral  position,  longitudinsl  position,  altitude,  and 
speed.  Though  somewhat  simulator-  and  task-specific,  these  indices  should  prove  useful 
in  a  battery  intended  for  control  performance  measurement. 

Measures  for  Siekneaa-Suacepttbillty  Prediction 

Though  not  useful  for  identification  of  a  state  of  simulator-induced  sickness, 
several  ocher  metrics  have  been  epplled  in  attempts  to  predict  individual  susceptibil¬ 
ities.  Ulieno  et  al.  (1986)  tested  the  Motion  History  Questionnaire,  a  self-report  form 
which  addresses  a  subject's  prior  history  of  motion  exposure  and  related  sickness,  and 
found  it  to  be  unsuccessful  in  predicting  simulator  sickness  susceptibility.  Barrett  and 
Thornton  (1968)  reported  that  fie Id- independent  subjects  (measured  on  a  Rod-and-Frame 
test  of  perceptual  style),  were  more  susceptible  to  simulator  sickness  than  field- 
dependents.  However  a  review  of  the  related  literature  and  the  results  of  two  subsequent 
studies  (Casali  and  Wlerwille,  1980;  Frank  et  al.,  1987)  have  failed  to  support  the  use 
of  individual  perceptual  style  as  c  valid  predictor  of  simulator  sickness  susceptibility 
(Frank  and  Casali,  1986). 

Due  to  the  potential  benefit  of  a  predictive  metric  for  identifying  individuals  who 
may  require  e  reduced,  or  less  intense,  course  of  exposure  to  e  simuletnr,  it  is  recom¬ 
mended  that  research  on  predictive  teste  be  continued  in  conjunction  with  other 
simulator-based  studies.  Data  collection  on  such  metrics  usually  entails  a  minimal  time 
addition  to  an  experiment,  so  this  research  may  be  "piggy-backed"  at  little  expense. 

REC.PITULATION 

This  paper  has  attempted  to  provide  insight  into  the  etiology,  and  particularly  the 
symptomatology,  of  simulator- Induced  sickness.  Though  the  published  research  documented 
in  the  tables  herein  has  been  relatively  limited  In  scope,  several  important  findings 
have  resulted.  It  appears  evident  that  simulator  sickness  is  a  serious  problem,  but  one 
which  is  amenable  to  laboratory  Inveatigation.  Potential ly-provocatlve  simulator  charac¬ 
teristics,  such  ss  control  loop  delay  end  lag,  can  be  targeted,  studied,  and  have  bounds 
placed  on  their  design  parameters.  The  dynamic  and  physical  characteristics  of  existing 
simulators  which  induce  operator  sickness  must  be  addressed  in  future  simulator  designs, 
otherwise  the  problem  will  persist  and  even  expand  with  new  simulator  applications. 

To  conduct  research  on  the  causes  of  simulator  sickness,  an  accurate  symptomatology 
is  needed,  and  the  researcher  must  be  armed  with  valid,  reliable  metrics  of  this  symp¬ 
tomatology.  Much  progress  has  already  been  made  in  this  regard.  Because  the  syndrotne  is 
typicalpy  polysymptomstlc,  a  multivariate  paradigm  appears  most  useful  in  sickness 
assessment,  incorporating  e  battery  of  metrics.  As  indicated  herein,  specific  self- 
report  meaeures,  instrumented  physiologic  indices,  and  atsxle  tests  are  prime  candidates 
for  such  a  battery. 
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KBHHBDYt  A  vary  nice  reviaw,  John.  I  wantad  to  add  a  couple  of  thlnga  on  unpublished 
dal:a  that  may  be  useful.  Navy  raaaarchars  In  Orlando  have  dona  aeM  alaetrogastrogram 
(BQ6)  atttdiaa  of  simulator  aloltneaa  and  have  had  difficulty  replicating  the  findings  of 
ttamat  al. ,  so  quaatloh  remains  about  this  measure.  As  for  other  measures,  thero  Is 
aosM.  augyaetlon ,  particularly  with  head-coupled  systems,  that  there  may  be  a  racallbratlon 
of  «.  <1#  vestlbulo-ocular  reflex  (VOR) .  This  might  be  a  useful  physiological  Indicant  to 
add  to  your  list.  Dark  focus  was  tried  In  the  simulation  studios  In  Orlando;  there  ware 
ohangsa  la  dark  focus^  In  those  parsons  who  had  extensive  symptomatology.  This  was  attemp¬ 
ted  again  In  another  simulator  with  another  population,  pilots.  The  two  simulator  sickness 
conditions  were  not  Identical.  The  first  one  was  deliberately  designed  to  produce  simu¬ 
lator  sickness  in  college  students  -  who  were  slightly  myopic  on  the  average  -  and  there 
were  changes  In  dark  focus  that  were  reliable  In  those  persons  who  were  sick.  In  the  next 
stvKi'y  using  dark  focus  as  an  index,  ohanMS  were  not  In  the  same  direction,  but  this  may 
be  attributable  to  several  factors.  Subjects  were  pilots;  this  was  their  first  time  In  a 
simulator;  workload  was  high.  Those  subjects  may  have  been  excited,  i  mention  this 
because  for  a  long  time  there  have  been  arguments  ateuti  Is  the  symptomatology  of  motion 
sickness  a  parasympathetic  or  a  sympathetic  issue?  Possibly  It  Is  worthwhile  returning  to 
the  Issue  of  autonomic  nervous  system  balance,  the  internal  milieu,  if  you  will.  Sickness 
may  be  parasympathetic  Initially,  but  excitement  may  develop  when  the  subject  perceives  the 
onset  of  sickness.  Looking  for  a  symptom  that  Is  o;>ly  going  to  go  In  one  direction  may 
not  be  appropriate  because  some  of  the  differences  may  depend  upon  different  people  per¬ 
ceiving  their  own  bodily  changes.  Initially  the  shift  may  be  In  a  parasympathetic  direc¬ 
tion  and  than  subaaguently  It  may  be  in  a  ayspathetlc  direction.  Indeed,  two  drugs  known 
to  be  effective  In  reducing  motion  slckiiess  seem  consistent  with  this  sat  of  thoughts. 

To  underscore  the  notion  about  the  performance  changes,  we  did  carefully  examine 
pre/post  changes,  and  there  were  no  obvious  differences  In  a  battery  of  tests  admin¬ 
istered  to  400  subjects. 

CASALIi  Yes,  and  we've  tried  several  different  tests  ourselves  and  have  not  seen  any 
pre/post  differences.  The  electrogastrogram  measurement  was  Included  In  this  survey 
because,  to  my  knowledge.  It  had  not  bean  directly  instrumented  In  simulators.  If  we 
look  at  motion  sickness  from  the  stand[)oint  that  It  la  nausea  and  vomiting,  with  the 
knowledge  that  nausea  and  vomiting  can  occur  after  the  stomach  has  been  denarvated, 
than  wo  can  separate  that  aspect  of  motion  sickness  from  the  autonomic  nervous  system. 

Thera  la,  of  course,  speculation  about  the  mobilisation  of  other  variables  I  mentioned, 
e.g. ,  pallor,  whether  or  not  It  Is  under  direct  sympathetic-parasympathetic  control 
or  whether  during  motion  sickness  there  is  some  other  chemical  transmitter  circulating. 

But  I  agree  about  the  EGG.  I'm  glad  to  hear  there  are  simulator  data  on  it. 

CHAiRMAMi  We're  behind  our  schedule,  but  I  would  like  to  make  one  short  comsent.  i 
think  there  Is  a  need  for  some  standardisation  in  the  tests  that  are  being  used  to 
look  at  simulator  sickness,  and  I  think  you've  laid  out  some  examples  of  things  that 
could  be  Included. 
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SUIMAPy 

Tha  pola  at  viaual-aotion  aoupiing  daiaya  and  oualng  ordar  on  oparaier 
portopaMi.ea  and  unaaainaaa  aaa  aaaauaad  in  a  driving  alanilator  by  aaana  of  a 
roaponao  aurfaoo  aabhodology  oantral-eoapoalta  daalgn.  Tha  aoat  aaliant 
finding  of  tha  atudy  «aa  that  viaual  dalay  appaara  to  bo  aora  dlaruptlva  to 
an  indivldual'a  oontrol  porforaMnoa  and  aall-balng  than  la  notion  dalay. 
taplrioal  aultlplo  rograaalon  nodola  mara  darlvod  to  pradlct  10  raliablo 
■oaauraa  of  alaiulatop  oparator  driving  parforaanco  and  ooafort.  Prineipal 
ooaponanta  analyala  on  thaaa  10  amdala  daooapoaad  tha  dapondant  naaauraa  into 
tao  Bi-  ilfloant  aodala  tdiloh  aaro  laboiad  vaatlbular  dlaruptlon  and  dagradad 
parfopnanoa.  iKaalnatlon  of  tha  aapiriaal  aodala  pavoalad  that,  for 
aaynohronoua  dalay  oonditiona,  hattar  parfoPMnoa  and  aall-balng  aara 
ackiovad  ahan  tha  viaual  jyatam  lad  tha  notion  ayataa.  A  aaoondary  analyala 
of  tha  pola  of  aubjaot  gandar  and  poroaptual  atyla  on  auaoaptlhlllty  to 
alBulator  aieknaaa  pavoalad  that  nalthap  of  thaaa  indapandant  varlahlaa  aaa  a 
aignifleant  aourea  of  vaplanca. 


INTltODUCTlOll 

Modarn  vahiola  aiaulatora  ara  oontrollad  hy  digital  ooaputar  ayataaa  which  ara 
naadad  to  parfora  a  Maalva  array  of  control  caluulationa.  In  part,  thaaa  oaleulatiena 
ara  uaad  to  alalc  tha  dynaaic  raaponaaa  of  a  apacific  vahiola,  aonlter  and  poapond  to 
tha  oparator 'a  control  aotivitiaa  and  inatructor  or  axp« 'iaontar  inputa,  provide 
faadbaek  data  to  an  inatpuetor-oparator  atation,  and  provida  coaputor-laaga  ganaration 
(CI<1)  fop  a  viaual  aiaulation  of  tha  axtarnal-vahiela  anvironaant . 

Aa  tha  nuabar  of  oalculationa  incraaaaa,  thara  ia  a  concoaf tant  Incpoaaa  n.  oha 
tranapoPt  dalay  (i.a.,  a  dalay  wharain  an  input  ia  exactly  raproducad  at  tha  and  of  a 
dalay  period)',  Tha  greater  the  nuabar  of  facaa  or  adgaa  raquirad  in  a  CIO  diaplay.  tha 
greater  tha  calculation  time  and  tha  greater  tha  tranaport  dalay.  Since  tha  coaputer 
typically  calculataa  tha  ainulatad  vahlcla'a  currant  pealtlon  before  it  calculatea 
(uaually  aarially)  tha  CIO  viaual  aoana,  daiaya  occur.  Thla  problem  ean  be  axaoarbatad 
even  furt'  by  tha  currant  practice  of  uamg  aaparata  computara  of  differing  update 
fpaquanc  tor  tha  notion  and  viaual  aubayataaa.  In  aevaral  flight  aiaulatora,  for 
axaapl'-  motion  aubayatom  updatoa  at  30  Ra,  tdiapaaa  the  viaual  aubayatam  haa  a  19  Ha 

update.  Uaing  a  taatar  viaual  aubayatam  update  rata  would  reduce  tha  time  dalay. 

Tha  ooeurranca  of  almulator  tranaport  dalay  can  peault  in  at  laaat  two  undaalrabla 
conaaquanoaa :  firat,  an  oporator'a  oontrol  parforaanco  la  degraded  (1).  Second,  tha 
operator  aay  axparianeo  incraaaad  diacoatort  or  unaaainaaa  (S) .  Thia  latter  oonaequanco 
la  one  form  of  the  aalady  known  aa  'almulator  aieknaaa.'  Simulator  aieknaaa  can  have 
aevaral  nagativa  implicationa  including  compromialng  tha  validity  ct  the  aiaulation  and 
conaoquantly  tha  generaliaablllty  of  tha  raaultant  alanilator  data  -o  actual  ayataa  or 
tranafar  taak  (3) . 

Although  tha  praclao  atlology  of  almulator  aieknaaa  la  not  known.  It  la  bollovad  to 
raault  from  a  conflict  op  alaaatah  among  aonaopy  ouaa  (4).  Thla  pramlao,  known  aa  tha 
poroaptual  conflict  thaopy,  poatulataa  a  raferanolng  function  in  which  notion 
information,  algnalad  by  the  oyoa,  vaatlbular  apparatua,  op  tha  ppopploeoptepa,  la  at 
variance  wl*b  thacr  ita'  expactad  valuaa  (8,  0).  Currant  phlleaophy  in  almulator 
daalP'^  di,  ,B  th'  '  onaat  of  tha  notion  aubayatam  ahould  load  tha  viaual  aubayatam, 
Thia  i  ‘^.:>n4.1a  a*«'..  .roa  two  faotora:  Firat,  ainoa  tha  poaltion  of  the  almulatod 
vahibla  ia  oaleul.'oad  priop  to  tha  CIO  updating  tha  now  viaual  aeana,  it  ia  functionally 
convenlant  to  allow  a  dalay  botwaon  the  aotlon  and  viaual  aubayatema.  Second,  many 
Simulator  daalgn  onglnaara  boliovo  that  humans  poroalvo  vestibular  and  kinaatbotic  cues 
of  aotlon  bafore  they  paroalva  viaual  cues.  This  is  a  tenuous  aasuaptlon. 

Roaetlon  tlaw  (RTJ  axporlaanta  hava  shown  tha  doalnanca  of  vision  over  klnaathatlc 
and  auditory  sttauli.  Vough  simpla  ST  to  a  tons  or  to  a  kineathatlo  atiaulus  is 
faster  than  to  a  viav-e  mulua,  whan  oithar  auditory  or  kinaathatle  ouaa  are  comhinad 
with  vision,  thalr  B  .vases  and  vision  doadnataa  (T,  8,  0,  10).  Toxuig  (11)  noted 


12*2 


%h*t  «li>eul«rv*«%toii  cm  intlucncc  McclcrAitM  khrMfecK*.  Mhcn  incrilcl 

•ee«l*r*ttona  arc  MP2tc4  in  a  atraeklan  appaalta  ia  that  at  tha  vlaually-lnduead 
■otlan.  It  takaj  lonfar  tar  tha*  \a  ba  dataciad.  On  tba  othar  hand,  eoapllt^ntary 
vaatlbular  and  vIImI  anaat  euaa  |lva  riaa  ta  a  aara  rapid  axparlanea  ot 
vlaually-lnduoad  aatlen. 

Aceardlnd  to  tha  Padaral  Avlatlen  Adalnlatratlan,  all  Phaaa  11  and  Phaaa  III 
alaulatara  auat  haaa  tha  aatlan  aubayataa  1m1  tha  viaual  aubayataa,  but  by  not  aora 
than  IbO  mm  (12).  bhltaalda  (13)  haa  caanwatad  that  thla  la  tha  ravaraa  ot  ahat  thlnfa 
oudht  to  bo.  Blallarly,  Xannady.  Prank,  and  MoCauloy  (It)  hava  oaphaalaad  that  tha 
phlloaaphy  in  alauiatlaa  la  dlttarant  dapoadlng  upon  nbathar  viaual  or  martial  ouoa  art 
baln(  addroaaad.  la  taraa  at  viaual  tldallty,  tha  goal  baa  baan  to  rapllcata  tha  raal 
tforld  aa  oloaaly  aa  paaalbla.  In  oontraat,  to  obtain  notion  tldallty,  aona  alnu.'atlon 
daalgnara  hav-'  aat  about  to  tool  tha  vaatibular  ayataa  through  auprathroaheld 
atlnulatlon  and  Mahout. 

Thara  ara  partornanoa  data  wbleh  parnlt  apaeulatlon  that.  In  aona  caaoa,  it  nay  ba 
battar  tor  tha  viaual  aubayatan  to  load  tha  nation  aubayatan.  Por  aaanpla.  In  a  atudy 
on  tha  attaata  ot  vlaual-natlon  dlaplay  nlanatoh  In  a  alngla  axla  eonpanaatory  traoking 
tank,  ihlrachl  and  thlrlay  (IB)  hava  ahatai  that,  tor  a  oondltion  In  which  tha  alnulatad 
alroratt  dynanlos  wora  ot  low  gain  (aubjactlvoly  aatlataotory  to  tha  pllota) ,  viaual 
laad  producad  loaa  traoking  arror  than  tha  eonvaraa  rolatlonahlp. 

In  aunauiry,  it  la  raadlly  apparant  that  notion  oan  ba  dataetad  In  nany  waya  by  tha 
huann  aanaory  ayataa.  Tha  pareoptlon  ot  valoolty  and  orlantatlon  la  donlnutad  by  vlaion 
In  tha  atoady  atata  and  tor  low  troquanolaa  balaw  0.1  Ha  (11).  At  hlghar  traquonelaa 
and  with  rapid  aaoalaratlon.  vaatibular  euaa  appaar  to  donlnata.  Sinllarly,  tha 
taaporal  aaquanelng  ot  paroaptual  aanaora  la  atata  dapandant.  txparlnanta  on  alnpla 
raaetlon  tlna  hava  ahown  that  aueh  taetora  aa  atlnulua  Intanalty,  axpactancy,  and 
taaporal  uncertainty  all  Intaraet  and  attact  alnpla  raaetlon  tlna.  Clearly,  nalthor  tha 
proprloeaptlva  nadallty  nor  tha  viaual  nodallty  la  Indapandant  ol  tha  othar.  In 
addition,  ravlaw  ot  tha  lltaratura  on  vlaual'notloa  eoupllng  atrongly  auggaata  that 
viaual  laad  nay  prodvea  battar  operator  partornanca  and  laaa  alaulator  alsknaaa  in  many 
eaaaa. 

Tha  purpoaa  ot  tha  atudy  waa  to  partorn  a  paranatrlc  evaluation  ot  alnulator 
viaual-notlon  coupling  dalaya  and  cueing  order  tron  which  daalgn  roconnandatlona  could 
ba  nada  to  optlnlaa  control  partornanca  and  nlnlnlta  operator  dlacoatort.  Tha  goal  ot 
tha  raaaarch  waa  to  develop  anpirieal  nodala  and  conconltant  raaponaa  aurtaoaa  tron 
which  alnulator  daalgn  raconnandatlona  could  ba  derived. 

lodtBta4tali_yBtlBbiig 

Two  Indapandant  varlablaa  ware  aalaotad  tor  atudy:  not Ion -ayataa  tranapert  delay  and 
viaual -ayataa  tranaport  delay.  Ravlaw  ot  tha  lltaratura  on  tranaport  dalaya  In 
operational  vahlela  alnulatora  ravaala  that  dalaya  up  to  400  aa  have  occurrad,  with  noat 
tailing  balow  300  aa  (.0,  IT).  In  ordar  to  bo  able  to  atatlatleally  ganat-ata 
aacond-ordar  raaponaa  aurtaoaa  (or  later  analyala,  throe  lavala  of  dalay  are  both 
naoaaaary  and  auttlolant.  Tranaport  dalaya  ot  0,  ITO,  and  340  aa  ware  evaluated  In  thla 
axporlnant.  Tha  aalactlon  ot  thaao  lavala  ot  dalay  waa  baaed  upon  the  literature 
ravlawad,  tha  daaira  to  hava  a  atatlatleally  orthogonal  raaponaa  aurtaca  daalgn,  and  tha 
llnltatlona  lapoaad  In  quantialng  tha  dalaya, 

Ot  aacondary  Intaraat  ware  three  other  indapandant  varlablaa:  paroaptual  atyla,  paat 
notion  aloknaaa  hlatory,  and  gander.  Sana  authora  have  reported  that  tlald-lndapandant 
Indlvlduala  appaar  to  ba  aora  auacoptibla  to  alnulator  alcknaaa  than  tlald-dapandant 
Indlvlduala  (a.g.,  18,  IS).  Sinllarly,  an  Indlvldual'a  paat  notion  alcknaaa  hlatory  haa 
baan  ahown  to  ba  nodaratoly  pradietive  ot  tuturo  notion  aloknaaa  (9)  and  alnulator 
alcknaaa  (31)  .  and  .'analea  appear  to  ba  noro  auacoptibla  to  awt.ion  aloknaaa  than  nalea 
(8)  . 


MSTHOO 


BBBlCiMDAil-Cglltn 

CCiHEX-dlBlgOA  A  two-tactor,  batwaan-aublacta ,  orthogonal,  aooond-ordar ,  raaponaa 
aurtaca  central  oonpoalta  daalgn,  with  equal  roplloatlon,  waa  tha  prlnary  daalgn  in  thla 
atudy.  An  orthogonal  daalgn  aiaa  uaad  to  provide  unoorralatod  aatlnataa  ot  tha  raaponaa 
nodal  ragreaalon  coottlclanta.  tharaby  (aollltatlng  tha  Interpretation  of  poaalblo 
aacond-ordar  ottoeta.  In  addition,  a  batwoon-aubiaota  daalgn  waa  aalaotad  to  allnlnata 
tha  poaalblo  ocourranca  ot  learning,  praotloo,  or  order  attoeta  aoreaa  treatnant 
oondltlona. 

For  an  orthogonal  raaponaa  aurtaca  nothodology  (BSM)  daalgn  with  only  two 
Indapandant  varlablaa.  It  oan  bo  raadlly  ahown  that  thla  daalgn  la  equivalent  to  a 
conventional  3x3  factorial  daalgn  with  nine  troatnant  oondltlona. 

StSfiSdACX-dgaigD..  Iwbeddad  within  tha  above  daalgn,  a  aacondary  daalgn  appropriate 
(or  aaaaaalng  paroaptual  atyla  and  gondo::*  waa  awployod.  Although,  baaod  upon  a  ravlaw 
ot  the  lltaratura  by  Frank  and  Caaali  (30).  It  waa  not  oxpootod  that  a  aubject'a 
paroaptual  atyla  would  Intluanea  hlc  or  her  auaoaptlbll Ity  to  aiwulatrr  aloknaaa.  It  waa 
daoldod  to  blook  tha  aubjaeta  according  «o  paroaptual  atyla,  aa  aaaaurad  by  a 


(m> ,  «a  •nabl*  uaMbtfuaM  Iniarfrab^bten  of  the  da%«, 

tiikiaati 

Tht  aukiaeta  «ara  tT  aala  and  a?  taaala  paid  walunbaara  adad  batnaan  lb  and  «• 

yaara,  with  a  naan  ata  at  ta.aa  yaara.  Tba  dla^anea  dMvan  par  yaar  rangad  tron  add  do 
dO.aat  ha  (dOO  to  aatOOO  alloa)  alth  a  aoan  ol  la.Tad  ba  (a.aaa  altaa).  Nona  at  tba 
aubtaeta  had  pravtaua  ataulatar  oaparlaaoa.  ail  awbjaeta  had  a  valid  drivar'a  lioanao 
and  a  alntaua  at  ao/ho  tar  atatla  vlaual  aaulty  aa  aaaaurad  by  a  aall  ehart  Landolt*P 


fitlxiBa_llaHiahsc.aBBaEaaM 

Tha  prtaary  apparatua  uaad  Ir.  thla  atudy  oonaiatad  ol  a  conputor-oontrollad 
autoBobllo  alatilator  with  a  tour  dogroo-ot-troodoa  notion  baao  and  a  tlva 
doaraa-ot-traadon  vlaual  ayatan  loeatad  In  tha  Tlrainla  Polytoehnlc  Inatltv.t.t  and  Stata 
Ontvaralty  Tahtela  hnalyala  and  Blaulatlon  Laboratory.  A  dotallod  doaorlptlon  ot  tha 
alBMlator  haa  baon  roportad  by  ttlamlllo  (a8) . 

lfthauciMal_aBBanhuB 

latf-aOd.fEaNaA  fbo  rod-ond-lroM  apporatua  eonalatod  ol  o  aquaro  trana,  l.Oa  ■ 

(da. 78  inohda)  on  a  aid*,  and  within  It,  a  rod  1.02  la  (dO.BO  Inoboak  long.  Both  tha  red 
and  tba  trana  wart  oonatruetad  tron  18  nn  (0.78  Inob)  tubular  plpa  eevarad  with 
ratlnotlva  tapo  and  oould  ba  nevod  Indopondontly  ot  oaob  other  by  the  onporlnonter .  The 
rod-and-trono  npparatua  waa  beuaod  in  a  8.80  n  (10. S  taot)  Iona.  l.dB  n  (88  Inohoa) 
wide,  1.88  a  (a. 8  toot)  high  itrueturo  oevorod  in  a  douOlo  layer  ot  opaque  block  'ground 
cloth.*  Tho  Interior  camera  ut  the  aneloaura  wore  curved  to  ollnlnato  poaaiblo  cuoa  to 
vertlcolity.  Thla  atructuro  noa.  in  turn,  houaad  In  on  alr-cenditionad  roon.  Tha 
■ubjact'a  oyo-to-trano  diatanca  nao  3.17  n  (88.8  Inchoa) .  Thla  dlotanca  waa  aalactad  to 
anaura  that  tho  traaw'a  rotlnal-lnago  aiao  waa  tho  aoan  oa  Nltkln,  Lowla,  Hortanon, 
Maehovor,  Maaanar,  and  Napnor  (33).  During  anparlmntntlon,  only  tho  rod  and  trana  wora 
vlalblo  to  tho  auhjoct, 

BclViDg.iiBSliagaC-aaaaUEaii.  Tbo  driving  waaaupoa  wore  aa  tollowa: 

(a)  Munbar  ot  ataoring  rovoraala.  Two  anaauroa  ot  atoorlng  rovoraala  wore  conputod: 
anoll  atoorlng  ravaraola  (ShIT)  and  larga  atoorlng  rovoraala  (LhlV) .  Snail  ataarlng 
ravaraala  and  LhIV  wore  dotlnod  aa  tho  nunbor  ot  tinea  tho  nagnltuda  ot  tho  atv^rlng 
nevoannt  oxotadad  3  dag  or  8  dag,  roipoctlvoly ,  after  ataoring  whonl  velocity  ;  laod 
through  noro. 

(b)  Tow  atandord  davlatlon.  Vohicla  yaw  waa  glvan  by  tha  anglo  In  tha  horlaental 
piano  botwoan  tho  aiaulated  vohlelo  longitudinal  axla  and  tho  inatantonooua  roadway 
tangent, 

(c)  yroquoney  ot  aoot  aovonont.  Scat  aovauont  waa  ntaaurtd  aa  a  change  In  taot  pod 
and  baekriot  pratauro  ot  tho  alnulater  oporotor'a  aeat.  Tho  algnal  onplltudo  ot  a 
llnaar  potontlonotar  poaltlonod  in  each  location  waa  tat  to  anaura  that  only  driver 
novonanta  and  not  alnulater  notion  roaponaoa  wore  rocordod. 

ClU(gl9iSglSli.ig0gaCl.i  Throe  phyaloleqioal  noaauroa  wore  uaad  In  thla  atudy: 

(a)  Skin  roaittaneo.  Skin  roalatanca  waa  noaaurod  by  two  natalllo  olootrodoa 
Ineorporatod  Into  a  rubber  headband  worn  by  tho  aubloot. 

(b)  Pallor.  Pallor  waa  noaaurod  by  o  anall  photooloetrlc  awdule  attaehod  to  tho 
antlhollx  of  tho  aubj act's  right  ear.  Tho  annaor  body  wot  ottaebod  to  the  headband 
containing  tho  akin  roalatanco  aloctrodoa. 

(c)  Boaplratlon.  Tha  apporatua  uaed  ter  tho  neaaurenant  ot  roaplratlen  troquoney 
haa  boon  doacrlbod  In  detail  alaowhoro  (31) . 

CaiByEhl-glliaylliaciWx  two  pooturol  atoblllty  toata.  tha  atand-on-protorrod-log 
(SOPL)  teat  and  tha  atand-en-non-praf arrod-log  (SONPL)  teat,  roconnandod  by  Thonloy, 
Konnady,  and  Bittnor  (38)  ter  datornintng  highly  tranaltory  affocta  auch  aa  night  occur 
following  alnulater  axpoauro,  woro  uaad. 

SlsyAahaB.glckaagg.gtXacite.lSggVi. _ The  aubjoot  ault-ovaluatlon  torn  uaad  in  thla 

atudy  was  a  voralon  ot  Nlkor,  Kennedy,  McCauley,  and  Pappor  (30)  .  which  haa  'icon 
nodltlod  by  Konnady,  Dutton,  hlcard,  and  Prank  (37)  ter  apoolllo  uaa  In  alnulater 
tloknoaa  atudloa. 

MsSJ.9D.8;Lgkoai8-ailiaEX-ayagBlfiBDalCli  The  Pontaeola  M8Q  waa  uaad  to  oaaeao  paat 
notion  alcknoaa  hlxtory  ot  tho  aubjoett  (aoa  8  or  38  for  a  aora  dotallod  dlaouaalon) . 

Ecasadyca 

.  Ba4=8Bk:CcaB8-X8gai.  Sorloa  3  of  the  rod-snd-trana  toat  (hPT)  waa  adninlatorod  In 
aocordanoa  with  tha  protocol  doacrlbod  by  Oltnan  (381.  Tha  aublacta'  acoroa  on  the  BFT 
ware  Indopondontly  rank-ordorad  tor  oaob  gondar  and  divided  Into  thirds.  Thla  prooaduro 
yielded  nine  aubjoeta  par  third  tor  each  gander.  Ono  subloet  tron  each  third  was 
aaslgnad  to  ana  at  (.ha  nine  troatnont  oenditlona. 

{CI:glaylpk9C-t>B9fy£g.t.  Prior  to  antovlng  the  alnulater,  oaeh  aubloot  waa 
adnlnlatarod  tho  SOPL  and  SOXPL  postural  dlsaqulllbrlun  taata,  Baoh  aubjoot  waa  than 
aaalstad  Into  tho  alnulater  and  Inotruotod  to  taaton  tho  soat  bolt.  Tho  pliyalelogleal 


••nawa  aara  %ka«  tttta4  ta  aba  aablaab.  laab  aubjaab  aaa  ilaaa  a  abaab  at  aalbbaa 
laabruebtaiw  taa  bba  4ai«(a4  baab  aa4  aaba4  ba  raa4  bbaa  aaratully.  Tba  aub'iaaba  aara 
bat4  ba  palan  aa4  raab  ahlla  bba  aiibaalBaabar  aallbi>aba4  bba  raaai>4tat  aautb*anb.  laaa 
llbiMtaabtaa  aaa  aa4aaa4  ba  avaraataaba  batlifbb  aaa  bba  Maalataglaal  aaalbariat  agabaa 
aaa  abaaba4  ba  amaupa  bbab  tb  aaa  tuaabtaaiag  bpagapljr. 

Atbar  abaraalaabalg  ■  ata.  bba  aagartaaabap  pabupaaa  ba  bba  awbjaab.  pabpia«a4  bba 
aptbbaa  inabpuabtaaa,  aaa  apally  bi>ta(a4  bba  aabiaab  aa  bba  arbalaf  baab.  Mm  aabjaab 
aaa  bal4  ba  palaa  tap  abaab  14  ala  laagap  aaa  bbab  bba  aagaplaaab  aa«14  bbaa  bagla. 

btbap  bba  aubjaeb  ba4  baaa  albbiag  tap  ab  laaab  to  atn  in  bba  baaebiaabaa  aiaulabap, 

baaallaa  aaaaupaa  at  paaglpabian,  abta  paatabaaea,  galtap.  aa4  auabap  at  aaab  aavaaaaba 
■ara  bakaa  avapy  alnuba  aaap  a  S-atn  gaMag. 

liMtlgtat-MaMWg&  Ab  bba  agbpagplaba  blaa.  bba  aubjaab  naa  a4»laa4  bbab  bba 
alaMlabap  aaa  ba  ba  aabtwaba4  aa4  bbab  bbay  aapa  ba  baaa  a  I'ala  gpaabiaa  aaaalaa  ba 
‘gab  bba  taal*  at  bba  alMlabaP.  Ab  bba  aa4  at  4  ala,  bba  aagaplMabar  bal4  bba  aubjaab 

bbab  bba  aagaplMubal  4platag  aaaalaa  aaa  ba  bagla,  ba  aeaalapaba  ba  SI  i»b  (bt.l 

ka/hp) ,  aa4  bo  bpy  aalnbalalag  bkab  agaaA  aa4  bka  plghb-baa4  laaa  gabtblaa  bkpoughaub 
bha  paaaiaAap  at  bka  aitpaplaaab.  Tka  bPaypagnaatA  4plvlaa  aaaaapla  taaba4  II  ala  aa4 
atboPaaba4  babaaan  eup«a4  aa4  abpalgkb  abpabobaa  at  paa4. 

tMk^glBUlbi . ‘l.MIMlKtA  Vban  aaagtablaa  at  bka  alaulabaA  4r tying  baak,  bka 
phyalalaglaal  taaaapa  aara  paaava4  traa  bha  aubjaab.  tba  aaab  b*lb  aaa  uabuekla4,  aa4 
tha  aubjaab  aaa  aaalabag  tpaa  bha  alaulabar.  Tba  aubjaab  aaa  taoMAlabaly  a4alnlabapa4 
bba  aaabupal  Alaaqulltbpiua  baaba  aa4  bbab  aaka4  ba  1111  aub  bba  aalt-ayaluablan  tara 
top  uaa  by  bha  asgaptoaabap  In  bba  aiaulabap  alokaaaa  aauaptby  ln4aa  (ggll)  oaleulablon. 
Tallaalng  bhia.  bba  aubjaab  tllla4  aub  bha  aabloa  alakaaaa  hlabapy  fuaableaaalpa. 

tolt-Biduskiao 

Tba  tollaalng  aabhaga  aopo  aagleyag  bo  raAuea  bha  paa  4aba  4apiva4  tor  aaoh  yaplabla 
ba  a  tara  apppopPlaba  top  abablabloal  aaalyala. 

Bad:Aa4.:EtAM-XMl •  ^ap  aaoh  aubjaeb,  tha  Man  nuabap  at  Aagpaaa  by  abioh  tha  pe4 
4ayiata4  tpoa  tpua  yaptteal  ana  ooaputad  aopnaa  tba  algbt  aapaptaantal  tplala. 

DciSilA-MbiUetg^.  A  oubjoat'a  yaa  4ovlatlaa  aeapa  (tJAW  aaa  ealeutatag  aa  tba  aaan 
yalua  at  tho  taa  yaa  ttangapg  gaylatlan  valuaa  eaaputag  guptng  tba  tlnal  8  aln  of  tha 
aapaptaantal  run.  Tha  nuabara  at  SbtT  and  LbtV  aara  pappaaantod  by  tba  euaulattya  total 
of  tho  nuabap  at  tlaaa  ataaplng  ryvaraata  oguatag  op  oacoodod  I  dog  op  8  dog, 
poapootlyoly,  ayop  tbo  final  8  ala  of  tba  ataulatop  oapoaupo.  Pop  aaat  aoyoaant,  tbo 
total  nuabap  of  aaab  aayaaonba  duping  bba  S-atn  baoallno  paplod  aaa  aubbraebod  tPoa  bbo 
bobal  nuabap  of  aaab  aevoaanta  during  bha  laab  8  atn  at  bba  alautabwd  dplylng  baab.  Thla 
dtttapaaeo  aeara  aaa  paioppod  bo  aa  SIAT.  tn  addition,  tha  total  nuahap  at  aaat 
aovaaonta  (TSKAT)  aada  during  tha  driving  aeanarlo  aaa  eoaputad. 

nxglSlSgiSbi-MAgWIlA  Pop  aaoh  phyotalogtoal  aaaauro,  a  ainglo  dlttoponeo  aearo 
aaa  coaputyd  botutan  tha  aubjaet'a  aaan  baaalina  valua  and  hla  op  bop  aaan  valua  during 
tha  final  8  aln  at  tha  tlaulatad  driving  taak,  Slneo  tho  Mtlen  alokaaaa  lltopaturo 
Indioataa  that  paaplratlan  aay  atthar  tneraaaa  (30)  or  doopoaaa  (311  alth  alokaaaa, 
dapandtng  upon  tha  individual,  an  abaaluta  valua  at  bpaatk  oyolaa  par  aoeand  (bCS) 
dlttoponea  aooPo  aaa  uaad. 

BaillWOl.digISylllkCiUlu  Tha  dlttopanea  batvaan  a  aubjaet'a  Boan  aeara  aa  tha 
poat-alBUtator  axpaaupo  taata  and  a  aubjaet'a  Bean  aeara  an  tha  ppa-alBulator  anpoauro 
toata  ylaldod  aaoh  aubjaet'a  atabillty  Baaauro  tn  aaoonda.  A  eoBblaod  (COMO)  acorn  uaa 
alaa  foPBod  by  adding  t!ia  raautta  at  tha  SOPL  and  SOUP:,  taata  and  oe^putlng  a  Baan.  Tha 
eoabinad  aoopo  alaa  rappaaantod  a  dlftaronca  aoara  batuoon  tha  ppa-ataulator  and 
poat-alBulator  taata. 

Whlla  adalniatorlng  tha  ataxia  taata,  a  larga  variability  in  tba  aubjaet'a  ability 
to  uaintaln  atabillty  on  tha  pra-alaulatar  axpoaura  tost  uaa  abaorvad.  Ooeauaa  at  tbia, 
it  uaa  fait  that  a  pareantaga  aeopa  Bight  ppoduea  a  Bora  aanattlva  Boaaupa  of  any 
vaatlbular  diabupbonea  induoad  by  bha  anpapiBanbal  braabBonba.  Oanaoquanbly ,  paroanbaga 
SOPL  (PSOPL)  ,  paroanbaga  SOMPL  (PSOKPL) ,  and  popoanbaga  COM  (PCOM)  aeeraa  uara 
eoaputad  by  foPBlng  a  ratio  at  tba  poapaebiva  peat-alBulatop  OKpAnira  Boon  aeara  to  tho 
pra-alBulatar  axpoaura  aaan  aeara,  aubtraoting  tbia  valua  traa  1.0,  and  aultlplying  by 
100. 

8Ami0lSE_glskDtM_llXIEllX_lDdlg.i  Baeh  aubjaet'a  alBulater  aleknaaa  aavaplty  Indax 
(SSSt)  aaa  eoaputad  tallowing  tho  proeaduro  at  Kannady,  Dutton,  bleard,  and  Ppank 
(IT),  taoh  aubjaet'a  final  ayaptOBatolegy  eatagerlaatlon  aeara  eonalatad  of  aa  Intagap 
valua  bataaan  0  and  T,  incluatva.  Tha  largap  tha  SSSl  aeara,  tha  gpaatar  tha  aubjaet'a 
dlaeeatopt.  In  addition,  tba  total  nuBbap  of  ayBpboaa  raporbad  by  aaoh  aubjaeb  Baa  alaa 
balllod  (TSTM). 

MsIlM-giSkDIgl.OAliSEX-gUfllAsooblEI.^  Tha  ppoeaduro  daaepibad  by  Maapo,  Lanba,  and 
Ouadpy  (10)  uaa  tellouad  in  acarlng  tha  Panaaoola  H8Q. 

Par  aaaa  at  rataponoa,  Tablt  1  ppoaanta  bha  llab  at  bha  dopendenb  Boaauraa  and  bhaip 


•bkraviAtiMka.  th«t  aPT  •»«  MB9  •eeru  Mr*  *•«  inelya*a  aine*  %h*y  r*rr*«*n% 

ln4*i»*ii«*ii*  v*rl«ai*a. 
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T«ai*  ).  a  Llat  *1  kh*  taaamaanial  D*a*n4*n%  Mk*aur*a  *n4  Their  Ahhrevlallona 


T««  aM]i4«r4  B*vl*hlea  (YAW> 

taatl  8«**rlat  a***ra*la  (tUV) 

hart*  atearini  a*«*raala  (LBKV) 

Ottt*r*ne*  la  t**«  Mtv*Mn%  (SBATi 

Total  aua**r  et  a*at  Mavaawnta  (TSBAT) 

Dlttarane*  la  Taller  (TAL) 

Slttoreae*  la  Skla  Baalataaeo  (AtB) 

t>ift*r*ne*  la  Iraath  Cyel*a  Par  Second  (SCS) 

SlaNlater  Slekaoaa  Severity  ladea  (SSSI) 

Total  Muaber  et  SynptOM  keperted  (TSYM) 

ttaad-Oa-Preterrod'hoi  Teat  (SOPL) 

Staad-On-Hen-Pr*t*rr*d-L*d  Teat  (SONPL) 

Ceablaed  Staad-On*L*g  (COMS) 

Percent  Stand-OA-Protorrad-Let  (PSOPL) 

Percent  Staad-On-Mon-Pr*f*rred-L*t  (PSOMPL) 

Percent  Conblned  Stand-On-Lea  (PCOMB) 


MSULTS  AMD  DISCUSSION 

The  reapeaae  aurtece  aatheOolegy  date  analyala  eaaentlally  conalated  of  tee 
atatlattcal  enalyaea.  Plrat,  ter  each  dapendent  variable,  a  leaat-aquarea 
nultlple-regreaalen  analyala  eaa  pertoraed  to  deteralno  the  tlrat-erdar  pelynealal 
aedol.  Second,  an  analyala  et  variance  eaa  perteraed  on  the  derived  regreaaion  aodel. 

The  rerulta  clearly  deaenatrated  that  vlatial  and  aetlen  ayatea  delay*  are  detrlae.'ital  to 
both  an  Individual'*  centre!  perteraance  ar.d  eell-bolng.  Ton  algnltleant  (p  <  O.OS) 
eaplrleal  aedela  aere  found  ahloh  predict  a  aubieot'a  alaulater  driving  pertoraaneo 
(TAM,  SPIT,  LSBV),  vestibular  disturbance  (SOPL,  SOMPL,  COMS,  PSOPL,  PCOMB),  and 
aell-belng  (BOS,  SSSI)  as  a  function  et  vlaual-aotlea  eeupllag  delays. 

Baaalnatten  of  aodel  lack  et  tit  and  Malloaa'  Cp  statistic  values  suggested  that, 
with  the  eaeoptlen  et  SSSI,  the  intreductlen  of  higher-order  ettecta  aeuld  net 
aaanlngtully  lapreve  each  tlrat-erder  aodel 'a  deaoriptlen  of  the  tunctlenal  relationship 
betaeea  perteraance  and  the  Independent  var tables.  A  second-order  ardel  Mas  found  to  bo 
nor*  appropriate  ter  SSSI.  Table  S  presents  the  toraula*  ter  the  10  aedela.  (In  the 
toraulae,  both  T,  the  visual  syatea  delay,  and  H,  the  notion  systoa  delay,  are  specltlod 
In  as.)  Du*  to  the  saall  aagnitudo  et  seae  rogreaser  ceotfloienta  all  values  are 
carried  out  to  sis  declaal  places.  Due  to  space  Italtatlons,  the  response  turtaces  (or 
each  et  the  10  aedela  are  net  presented. 


Table  a.  Significant  Segreaalen  Medela  (T  >  visual  delay,  M  •  notion  delay) 


Dapendent  Variable 


Segraasors 


Breath  cycles/a 

Tan  standard  deviation 

SmII  steering  reversals 

Large  steering  reversals 

Slaulater  sickness  severity  Index 

Stand-on-pretarred-lag 
Stand-en-non-pra tarred- lag 
Conblned  stand-on-leg 
Percent  stand-on-praterrad-lag 
Percent  conblned  stand-on-leg 


0.000777 

♦  ' 

0.000027 

♦ 

0.000171 

M 

0.037084 

♦ 

0.007038 

V 

♦ 

0,003482 

M 

214.77778 

♦ 

0.141170 

V 

♦ 

0.04834U 

M 

17.700206 

♦ 

0. 1003)4 

V 

♦ 

0.072SB0 

M 

2. 100074 

♦ 

0.010830 

V 

♦ 

0.007028 

M 

-  0.000010 

VsV  -  0.000012 

lAiM 

-  0.000013 

TxM 

-  1.080200 

- 

0.01.-007 

V 

- 

0.001620 

M 

-  1.300222 

- 

0.003107 

V 

- 

0.011107 

M 

-  1.400401 

- 

0.007308 

V 

- 

0.007002 

M 

2.004014 

♦ 

0.124143 

V 

♦ 

0.000422 

M 

10.4000S0 

♦ 

0.U78B1T 

V 

♦ 

0.024107 

M 
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Ump*  la  a  4aMaP  ia  ^  4aPlva<l  aoaala  ka  eUiar  aiaulalara, 

NaiMvap,  1%  la  ait9aaka4  %ha%  %ha  (aaapal  palaiiaaahlp  bataaan  %ha  aapaa^ani  vaptabiaa 
and  ihaip  pafpaaaapa  wauK  b«  aubakanklaltp  %ha  aaaa.  alkhautk  tba  oesltieiani 
•altbklata  «aul4.  aa  4aiiak,  ahaata. 

Th«  uatvarlaka  aaalyaaa  pravKaa  aa  aaaaaaBaa*  at  ko«t  kha  eaMblaaa  Inlluaaea  at  kha 
ta4apaa4aak  aaMaklaa  attaaka4  a  akaeltla  4aMa4aak  aaplakla.  Ikalklvaplaka  kackntquaa, 
auah  aa  ^tnelH>l  aaa^aanka  aaalyala,  aaa  ba  uaa4  ka  kaak  kba  attaeka  at  aavaral 
da^a4aak  aaplablaa>  kbaaaby  balplat  ka  laalaka  ua4aplpla4  babaviapal  4lMinaion«. 
fplaetaal  eaaitaaaaka  analyala  an  kha  14  algaltleaak  palyaaMal  «a4ala  4aeaiiaoaad  kha 
4apaa4ank  aaaaupaa  laka  kaa  altaltloank  mdala  ahloh  «iapa  labala4  aaaktbulaa  diarupklon 
and  4a(pa4a4  MPtapaaaea,  Tbaaa  kaa  aadala  arai 

Vaaklbular  dlarupkian  ■  •  t.atdki  *  0.00««a  V  *  0.0031k  M 

OatPadad  pai'toraanea  «  -  1.00030  *  0.003TT  V  *  O.OOtOO  M. 

Pep  oanapal  daat|a  paeaaaMndaklena ,  paphapa  kha  Mak  uaatul  aadala  apa  kha  kae 
daplvad  tpaa  kba  pplnalpal  eeavananka  analyala.  Tbaaa  aadala  pappeaenk  a  eeapealka  at 
kha  10  aldnltleaak  aadala  alkh  aaeh  ppadleklng  aaa  apaaltla  aukeaaa.  tnaalnakion  at 
khaae  andala  elaaply  Indleakaa  khak  kihan  aayaehpenaua  dalaya  eeeup  In  a  alaMlakor, 
vlaual  ayakaa  aaaaaaak  aheuld  badln  batapa  aaktea  ayakaa  aavaaank  ka  ppeduoa  kha  laaak 
aiwunk  at  unaaalnaaa.  Slallaply,  epapakep  oeakpel  paptapaanna  la  bakkap  aikb  vlaual 
lead,  alkheugh  kba  attaak  la  nak  aa  pponaunead  aa  alkh  unaaalnaaa.  Thaaa  tlndlnga  are  in 
dlpaek  eentllak  atkb  kha  Padapal  Avlaklap  Adalnlakpaklan'a  daalfn  (uldanea  tap  Phaaa  II 
and  Phaaa  III  alaulakepa  (13)  and  ganapal  alaulakap  daalgn  pblleaepby. 

Thla  axpaPlMnk  eapkalnly  daaa  nek  pappaaank  kba  datlnlktva  akudy  an  alaulakor 
vlaual -aoklan  eeupllng  delay.  Many  akhap  vaplablea  Inkepaak  ulkh  delay.  Heuavap,  kha 
paaulka  of  kbla  akudy  akpangly  auggoak  kbak  vlaual  delay  la  tap  aapa  dlapupklva  ka  a 
alBUlakop  apapakap'a  aankpal  papfepBanea  and  pbyalaal  eeaitaPk  khan  la  anklon  delay.  The 
Paaulka  alao  auggaak  kbak,  tdian  aaynahpaneua  dalaya  oeeup  Ip  a  dplving  almulakap,  vlaual 
aeona  anvanank  abauld  begin  batapa  anvaaank  at  kba  Inapklal  ayakaai.  The  tlpak-epdap 
■adala  ppoduead  by  kba  pplnalpal  eenpenanka  daeenpealklan  dOBanakpaka  a  llnaap 
palnklanahlp  baknaan  Inapoaaad  vaaklbulap  dlakupbanaa,  dagpadad  paPtePBaneo,  and 
Inoraaaaa  in  delay. 

Again,  Ik  Buak  be  anphaalaad  khak  kha  Bodola  apa  nak  datlnlklva,  but  khay  can  ak 
laadk  ppovlda  a  palaklva  pank'OPdaplng  ABong  vapleua  daalgn  alkapnaklvaa.  Ik  la  In  kbla 
aannap  kbak  khalp  uaa  la  paeaBBandad. 

A  aaaandapy  analyala  at  kha  rale  at  aublack  gandap,  papeapkual  akyla,  and  paak 
aekien  alaknoaa  hlatepy  an  auacapklblllky  ka  alBulakap  aleknaaa  povaalad  khak  nena  at 
khaaa  Indapandank  vaplablaa  Bua  a  algnltloank  aeupea  at  vaplanoa. 
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ENQUETE  SUE  LE  MAL  DES  SIMULATEURS  DC  VOL  COUPLEE 
A  ONE  C10DE  NYSrrAOvKKatAPHIQL'E 

par 

MAd  U  Co!  G.Dc  Hejn*.  MM  Ma|  PiJe  OiafP*  et  MM  Col  P.VaiKienbosch*^ 
Furu  AdiWime  Centre  de  MMedne  Af  mpatiale 
Quaitier  Roi  Albert  ler 
P.uedelaFU<M70 
1130  Bruxelles 
Bel^um 


L9  ntl  dta  slaiglatturst  apparentd  fiu  «•!  das  transports,  ast  una  cln^toie  Uup  aux  progr&s  de  la 
taCihnoloola  at  aux  lnp4rat.i^s  budgatalres  nt  de  sdcurltd> 

Cavta  pathol^^gia  nouvalla  touche  das  pilotes  expirlaantds  et  r^sulte  d'un  conflit  de  sensations  dans 
un  anvlronnaaeot  inhabltua.i. 

Nous  avons  rdallsd  una  anquAta  auprts  d'une  unlid  da  chasse  da  la  Torce  A^rienna  Selge  pour  ^valuer 
la  frdquanca  du  aal  das  slnulateurs  alnsl  Que  las  manifestations  rassantias. 

lOk  des  pllctas  Interrog^s  sont  :4guliira.‘iiant  sujet  au  mal  dcs  slaulataurst  29X  le  sont 
accasionnallemant  k  das  degr^s  divars. 

O'autre  part  nous  avons  asssy<S  d'objactiver  les  troubles  da  l*<qullibre  par  una  ^tude 
nystagmogrephiqua  portant  sur  12  pllotas  durant  Ivur  entrainament  sur  slmulatauf  de  vol.  Nour  avuns 
dt4  ftapods  par  la  pauvratd  das  mouvainants  oculalres  durant  la  vel  slnul^.  Les  nouvoments  oculairer. 
nystagmiques  n'apparaitsant  qua  xsranent  at  fugltlvanent,  prlneipaltmant  an  fin  de  viraga.  Ils  sont 
toujours  da  fsiblu  cMpUtude.  II  n*a  pu  utre  4tabli  una  relation  antra  laa  manifestations 
vestlbulalres  objectives  et  las  sensations  subjactlvas  du  msl  das  simulateurs. 


AN  investigation  OF  SIMULATOR  SICKNESS  AND  AN 
ELCCTRQNYSTA6M06RAPHIC  STUDY 

by 

Mdd  Ltcol  DE  HEYN  G.  (•),  M*d  MaJ  OE  GRAFF  P.  (**), 

Mdd  Col  VAN0EN80SCH  P.  <*••) 

Simulator  sickness,  mt.ich  Is  related  tn  travel  sickness,  is  a  product  of  high  technology,  safety 
requiremants  and  budgetary  lieitations. 

This  nem  pathology  affects  experienced  pilots  and  Is  the  result  nf  convicting  sersetionn, 
axparienCfd  in  an  unfamiliar  environment. 

Me  conducted  a  survey  of  e  Belgian  Air  Force  fighter  squadron  in  o'der  to  ‘ivaluate  the  frequency  of 
simulator  sickness  and  the  symptoms  experienced. 

Ten  per  cant  of  the  pilots  questioned  regularly  exparlancad  simulator  sickness  and  twenty  five  per 
cent  felt  It  occasionally  In  varying  degrees. 

We  also  attempted  to  objectify  the  problems  of  vertigo  and  disorientation  by  reins  of  an 
alactronystagmographlc  study  of  12  pilots  during  their  training  on  a  flight  simulator.  He  wevo 
surprlaed  by  the  poor  ocular  responat  during  the  simulated  flight.  Nystagmic  movements  appeazed 
rarely  and  then  only  flaatlngly,  mainly  at  the  end  of  a  turn.  They  were  all  of  low  ampliturie.  He  were 
not  able  to  establish  a  correlation  between  the  objective  vestibular  rasoonses  and  the  subjective 
feelings  of  simulator  sickness. 


<*}  Centra  da  Mddacina  Adrospatlale  •  Chef  de  Service  ORL 

(•«)  chef  da  Service  Hddical  10  H  Tac 

(•••)  Centra  de  Mddacins  Adruspatlale  Commandant 
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PHYSIOPATHOLOOIC  DU  NAL  DSS  AINULATBURS 


Suite  A  una  lontua  Avolutlon  ■«  chlffrant  an  ■llllont  d'annAea»  tout  not  rAcepteure 
Bont  pbyBiologiquBBBnt  adaptAa  A  1«  locoMOtlon  terrestre  naturelle. 

Depula  quBlquea  dlBBlnBi  d*BnnA«B  I'ltoasB  habltuA  A  Avoluer  dans  le  champ  do  1b  peaanteur 
torrerntre  a  rAvolutlonnA  Bon  BnvironnBmBiit  et  aodBi  d*  dfiplBCdaent>  Dana  la  doaalne 

adronautlqua  noa  eaptaura  aanaorlela  aont  pax^tleullArament  inadaptAa  aux  nouveaux  nodaa 
da  dAplacamant. 

L'apparall  otolithiqua»  laa  fuaaaux  nauro  muaculalraat  laa  organea  tandlnaux  da  Oolgl, 
laa  rAnaptaura  proprioeeptlf a  aont  aahalblaa  au  vaetaur  champ  da  paianteur.  Laa  canaux 
■  aal*>clrculairaa  aont  aanalblaa  aux  accAlAratlona  angulalraa. 

Laa  dlvara  ayatAmea  aont  compl Amantali'aa  da  la  vlalon.  Loraque  celle-ci  na  paut  ramplir 
aon  rdle  at  qua  laa  autraa  ayatAnaa  aont  aolllcltAa  par  un  anvlronnemant  gravlto  inartial* 
Inhabltual  apparalt  la  dAaoriantation  apatlaia. 

Ainal  aana  apport  vlaual  un  aujat  aoumla  A  una  rotation  A  vitaaaa  conatante  auteur  d'un 
axa  paaaant  par  la  tACa  na  parcavra  paa  la  mouvamant  rAal  da  rotation. 

Noa  eaptaura  aanaorlala  pauvant  eapandant  a*adaptar  A  daa  altuatlona  nouvellaa  Inhabl** 
tuallaa  **  Notra  organiama  IntAgrara  alora  harmonlauaamont  daa  informatlona  paralsant 
contradletolr^a t  auaceptlblaa  d'antralnar  daa  lllualona  aanaorlallaa . 

Chaqua  type  da  tranaport  a  aaa  cara^t Arlatlquaa  proprea  auxquellaa  I'organiame  a'adapte. 
Qua  daa  pilotaa  antrainAa,  na  connaiaaant  plua  laa  manlf eatationa  dAaagrAablaa  du  mal 
da  I'alr,  aolant  aujata  A  daa  malalaaa  lora  da  laur  antrainemant  cur  almulataur  da  vol 
paut  paraltra  paradoxal,  mala  lea  eonflita  da  aanaatlona  aont  dlffAranta  do  caux  das 
vole  rAala. 

Sur  un  almulataur  A  plate-forma  fixe  la  pllota  aat  aoumla  A  daa  aanaatlona  vlauallea 
de  mouvamant  da  grande  amplitude  alora  qua  laa  rAcapteura  kinasthAaiques  at  vaatlbulalraa 
na  lul  donnent  qua  peu  d ' Inf ornat Iona  de  aouvamanta. 

Da  plua  lea  Informatlona  vlauallea  fot"^nls  par  I'Acran  du  almulataur  donnent  una  Imprea*’ 
■Ion  da  clalr  obacur  od  la  notion  da  relief  aat  dlmlnuAe,  ce  qul  accrolt  la  dlfflcultA 
d '  orientation . 

Par  ali.leura,  aprAa  aon  antrainemant  aur  almulataur,  la  pllota  dolt  ae  rAhabltuer  A 
un  envlronnamant  phyalologlqua  normal. 

L ' or lantatlon  spatlale,  I'Aquillbre  poatural,  la  locomotion  rapoaant  aur  1 ' IntAgratlon 
da  donnAea  provenant  daa  apparaila  vlanala,  veatlbulairea ,  klnaathAalques ,  taetlles 
at  audltlfa. 

Catta  IntAgratlon  da  donnAaa  aanaorlel.. na  pourra  aa  rAaliaar  harmonleuaemant  qua 
al  la  support  paychologlqua  la  parmat. 

Dae  aujata  anxlaux  at  atreaaAi  raaaentlront  plua  laa  amblgultAa  du  ayatAme  d *  or lent at  Ion 
apatlaia  at  aeront  plua  facllament  aujata  aux  clnAtoaea. 


ETUDB  BLBCTRONYSTAQNOORAPHIQUB  SUR  SINULATEUR  DB  VOL 


WAthodoloala 

Durant  laur  antralnamant  aur  almulataur  da  vol  12  pilotaa  de  f-16  AgAa  da  25  A  36  ana 
ont  AtA  taatAe  aur  If  plan  veatlbulalra  par  Alactronyatagmographa . 

Un  Alactronyatagmographa  monocanalalra  anraglatralt  laa  mouvemanta  oculalrea  hcilxontaux 
grAca  A  trola  Alaetrodea  autocolXantaa  altuAaa  raapaetlvament  A  I'angla  axtarne  de 
ehaque  oall  at  entrelea  aourclla. 

Cea  AlActrodea  ne  gAualent  an  rian  laa  mouvemanta  de  la  tAte.  La  aenalbllitA  da  l'alac> 
trony atagmographe  Atalt  rAglAa  aur  10  mm  V,  la  vlteaaa  da  dAroulamen*-  du  papier  Atalt 
da  25  mm/aac 

Durant  touts  la  durAa  du  vol  aur  almulataur  lea  mouvemanta  oculalrea  Atalant  anraglat-'Aa 
an  contlnu  -  La  dAroulamant  du  trmcA  Atalt  aulvl  dana  la  aalla  Ja  contrdle  du  almulataur 
ce  qul  permattalt  da  iugar  aaconda  par  aaconda  laa  rAactlona  oculalrea  an  fonctlon  du 
programme  da  vol  at  de  dAplatar  imaAdlataaant  I'apparltlon  d*un  nyatagmua  horlxontal. 

AprAa  aon  antrainemant  aur  alaulataur  la  pllota  rampllaaaiu  un  quaatlonnal ''a  nominal 
aur  aaa  impreaalona  de  vol  at  la  dnaerlptlon  daa  troublaa  raaaentla  Aventuallamant . 


STUDS  BLECTROHYSTAQNOORAPHXQUB  SUR  PROORANNB  DOO  PI'JKT 


Deux  pilotaa  du  10  V  Tac  ont  AtA  aulvle  durant  ea  prograama  d'une  durAa  da  40  min. 

La  philoaophie  gAnArale  de  ca  programma  coaprand  un  lAchaga  da  bomba  aur  elbla  au  aol 
aulvl  d*un  combat  a^rien  avac  un  advaramlra.  11  paut  Atra  dAcompoaA  an  aaa  dlvara  polnta : 
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1) 

2) 

3) 

4) 

5) 

6) 

7) 

8) 


START  UP  BNQtNBS 
TAKE  OPP 
BOMB  RAMOB 

CLIMB  OUT/LOFT 
DOQ  PICHT 
RBCOVBRY 
BHBROBNCY 
LAKDINO 


(contrSle  d*  ddpart) 

(ddcollage) 

(iBehaga  d'und  bosbe  aulvl  d*un  vlrage  A  gauche  avee  boucla 
pour  rtvanlr  dana  I'axa  da  ddpart) 

accdlAratlon  da  4.5  0/Z  sec  avee  cabrA  aulvl  da  looping. 

combat  viaual  sngagA  avec  avion  anneal 

vol  aux  InatruiaantB 

panne  du  aystdae  hydraullqua 

atterpiasaga 


da  360' 


Durant  la  aulvl  du  tracd  noua  avone  AtA  frappAa  par  la  peu  de  nouvaBanta  oculalras  durant 
la  pApioda  da  vol * 

Saula  las  points  1  at  8  comportant  da  noabraux  aouvaaanta  oculalpea  at  correapondant 
au  eontrdla  vlaual  daa  inatruaanta  da  bopd. 

Poup  las  autraa  points  las  aouvaaanta  oculalras  sent  pau  lapoptanta  at  Apouaant  loglqua- 
aent  las  axlgancaa  du  prograaaa  (ax  :  contact  vlaual  avac  la  clbla»  pspAraga  de  la  plate 
ou  da  la  panna  au  tableau  da  bopd). 

Durant  la  vol  aux  Inatruaanta  lea  aouvaaanta  oculalras  aont  partlcullAreaent  pauvraa. 

II  n'y  a  au  aucun  Apieoda  pouvant  Avoquar  un  accAs  de  nyatagaua. 


BTUDB  BLBCTROMYSTAQMOCRAPHIQUB  SUR  PROGRAMME  ACRO 


BtonnAa  par  la  pauvpatA  daa  rAponaaa  oculalras  sur  ppograana  DOG  FIGHT,  nous  aoBmes 
paaaAf  A  un  prograaaa  coapranant  da  noabrauaaa  aanoeuvras  acrobatiquea  nuacaptlblea 
d*antpalnar  daa  Illusions  aanaorlallaa . 

Six  pllotaa  du  10  V  Tac  at  4  pllotea  du  1  W  Ch  ont  AtA  aulvla  eur  programme  ACRO  qul 
a* 11  na  duxalt  qua  25  minutes  Atalt  nottamant  plus  DjuvamantA  at  pouvalt  Atra  dAcoaposA 


en 

caa  divers  points  aulvanta  : 

1) 

START  UP  ENGINES 

(contrOle  de  dApart) 

2) 

TAKE  OFF 

( dAcoll age } 

3) 

LOOPING 

K) 

ROLL/LEFT/RIQHT 

( tonneau ) 

5) 

4  POINT  ROLL 

(tonneau  dAeoapoaA  par  paller  de  90') 

6) 

BARRBLL  ROLL 

(manoauvran  lantaa  da  la  points  da  1 
en  deaaoua  da  la  llgna  d'horizon). 

'avion  au- 

-daasua  at 

7) 

STEEP  TURN  LEFT/RIGHT 

(looping  horizontal  A  la  vltease  de  250 

noeuds ) . 

8) 

SLOW  SPEED  RECOVERY 

(cabrA  A  90*  aulvl  d'un  looping  loraque 
Cette  manoeuvre  eat  rApAtAa  3  fola). 

) a  viteaaa 

dlmlnue  - 

Lea  points  1  A  8  a*affactaant  A  haute  altitude  (high  level). 


9)  HIGH  SPEED  PASS  OVER  RUNWAV 

(looping  au-deaaua  da  la  piste  d * attarrissage ) . 

10)  Circuit  d ' attarriaaage  (TOUCH  AND  GO). 

11)  PANPA  STRAFING  PASS  (tlr  au  canon  mala  I'arse  a'enraya). 

12)  PASS  :  Vol  A  base  altitude  au-dasaus  de  la  piste. 

13)  Attarriaaage  aana  seteur. 


L'axaacn  das  tracAa  da  souvenenta  oculalras  comma  pour  la  prograDsa  DOG  FIGHT  montre 
avant  dAcollage  at  aprAs  attarrlaaaga  da  nombraux  aouvaaenta  oculalras  due  au  contrOle 
daa  inatrusants  da  bord  pap  la  pilots. 

Durant  las  aanoeuvras  acrobatiquea  proprenant  dltaa  lea  mouvements  oculalras  aont  rarea, 
naia  A  la  fin  da  calla-cl  apparaiaant  qualquaa  aacoraaea  qul  tradulaant  probablosent 
une  relaxation  du  pilots  qui  obaarva  aon  anvlronnament . 

Das  aecouaaaa  A  caractAre  ny atagaographlqua  ont  AtA  obaervAaa  ehex  quatra  pllotaa. 

Bllea  Ataiant  da  durAa  brAva,  d'intanaitA  pau  importanta  at  ne  aurvanalant  qu'una  A 
daux  foil  par  vol  A  la  fin  d'un  viraga  (Bx  :  aanoauvra  STEEP  TURN). 

Troia  autrau  pllotea  avaiant  au  dApart  un  tracA  paraaltA  par  daa  contracturaa  nuaeulairea, 
faclalao  at  palpAbralaa.  Ce  paraaltaga  ceeaalt  en  coura  d*axerclca  et  la  tracA  ae  norma- 
lisait  dana  la  phase  LOW  LEVEL  au  vu  da  la  plate  d ' at t errla aage ,  cecl  probableoant  rela¬ 
xation  muaculaira  at  pay chologlque  en  fin  d'axarclca. 


•  S' 


■1 


BNQUHTB  NONZNAl'ZVB  APRBS  L*  BNTRAZNBNBNT  SUB  SZNULATEUR 


Dix  pllotet  aur  laa  douta  avaiant  pr4aant4  Zara  da  vola  prdcddante  daa  manif astatlona 
da  clndtoae  da  alaulateur»  naia  aucun  pilota  n'a  avoud  avoir  raaaanti  da  aalaiaea  durant 
I’axereica  aulvl  par  enraBiitramant  BNQ*  Au  ddpoulllaaant  du  quaattonnalra  paraonnalla^ 
quatra  pllotaa  avaiant  eu  da  Idgera  probldaaa  d* Inatabllltd  lora  da  vola  prdcddanta. 

Da  caa  quatraa  pllotaa  un  aaul  algnala  rdiulldranaiit  un  dtat  da  ddadqullibra  lora  d'ased* 
Idratlona  iaportantaa  an  ddbut  da  vol.  Caa  oanifeatationa  ddragrdablaa  diaparalaent 
aprda  una  phaaa  d ' adaptation .  La  tracd  BHQ  da  ca  pilota  na  aontra  aueuna  phaaa  nyatagao- 
grapbiqua  * 

La  dlacordanca  antra  cctta  anqudta  nonlnatlva  at  la  rdalitd  daa  faita  noua  a  fait  dtabllr 
un  quaatlonnaira  anonyma  adraaad  A  toua  laa  pllotaa  da  la  baaa  du  10  W  Tac . 


BNQUBTB  ANONYME  AUPRBS  DBS  PILOTBS  DU  10  W  Tac  SUR  LA  PRBQUBNCB  ET 


LBS  MANZPBSTATIONS  DU  NAL  DBS  SIMULATBURS 


1.  Clndtoaa  at  Aga  daa  pllotaa. 

31  pllotaa  du  10  W  Tac  Agda  da  23  A  MO  ana  ont  accepts  da  rdpondre  A  I'enquAta  anonyne. 
Si  la  total  d'hauraa  da  vol  rdel  a  *  Achalonnait  da  MOO  A  3.300,  la  nombra  d'heurea 
d ' entralnanant  aur  alnulataur  variant  da  50  A  200. 

Couza  pllotaa  aur  lea  tranta  at  un  ont  raaaantl  aur  almulataur  daa  nalalaaa  A  dea 
dagrda  dlvara. 

La  proportion  do  pllotaa  aenalblea  A  catta  cinAtoaa  aanbla  Atre  plua  Inportanta  chax 
laa  pllotaa  axpdrlnantda  plua  Agda. 


Ag« 

20  -  25 

26  -  30 

31  3! 

36 

Air  SickncA* 

3 

3 

3 

3 

No  Synptona 

6 

2 

Parol  lea  douze  pllotaa  ayanv  AtA  aujeta  au  oal  dea  aloulataura,  trola  a'ont  AtA 
plua  r Agul lAraaant  at  leur  tranche  d'ftge  eat  cella  dea  plua  de  36  ana. 


2.  Manif aatat Iona  da  la  clnAtoae. 

99  H  daa  pllotaa  aanalblaa  dAcrlvent  un  Atat  vartlglneux, 
90  i  un  aantioent  da  oalalaa  gAnAraliaA, 

10  %  aont  nauaAaux. 


Pour  SO  %  dea  pllotaa,  caa  tr.^ublaa  aurvlennant  lora  da  oanoauvraa  acrobatlquea , 
10  %  raaaantant  caa  uanlf eatatlona  Agalanant  lora  da  vol  aux  Inatruoanta ,  da  pannea 
at  da  vol  A  baaaa  ou  haute  altitude. 

Laa  oalaiaea  paralatant  aprAr  1 ' entralneoent  aur  alnulataur  pour  79  B  dea  pllotaa. 
Pour  la  moitlA  da  caux-cl  lee  troublaa  da  I'Aqulllbre  ne  dApaaaent  paa  aub j ectivement 
la  quai't  d'haura.  Salta  pour  cant  dea  pllotaa  dlaant  raaaantlr  lea  affata  de  la  clnA- 
toae  Juaqu'A  deux  hauraa  aprAa  la  fin  da  1 ' antratneaant  aur  alnulataur. 

Un  soul  pilota  aur  laa  trenta  at  un  A  dfl  occaalonnallanent  Intarronpra  ton  progranna 
d ' antralnamant . 

La  durAa  du  vol  aur  almulataur  Influanca  tranta  pour  cent  daa  pllotaa  auacaptlblaa 
da  dAvaloppar  daa  nalalaaa. 

Dix  naux"  pour  cant  daa  pllotaa  an  gAnAral  prAfArent  a'antralnar  avac  verrlAx^o  d*avlon 
raiavAa  car  11a  dAvelcppant  un  santiaant  da  clauatrophol la  loraque  calla-el  eat  rabattue. 
Cette  tendance  A  la  claustrophobia  touche  vlngt'*clnq  pour  cant  dae  aujata  ayant  dAva- 
loppA  une  clnAtoaa  sur  alnulataur. 
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C0NCLU3I0KS 

li'vAquit*  «nonya*  r«Tti«  quv  3S  t  d««  pilot**  ont  prC**nti  dtn  atnlfsitotlon*  du  ■*! 
d**  9laul*t*ur*  ****ntl*ll*s*nt  *ou*  fora*  d*  treuDl**  d*  l*dqullibr** 

Un  pourc*nt*g*  trdi  voltin  *  dtd  trouvd  lor*  <t*un*  *nQuit*  rd*li*^«  *u  C»n*d*  oou*  1* 
Aurora  Flight  Dock  SAaulator  aolt  36  %, 

L'analy**  objoctiv*  d**  adeantonoa  n*urologlqu**  r**t*  ccptndant  diffleile> 

Cdtt*.  dtud*  eonflra*  I'lnportme*  d**  adcanlaa**  cortlcaux  dan*  I'dtiologle  d*i  clndtoa**. 
La*  rar*i  *t  fugltiv**  aocoua***  nyatagalqu**  d*  faible  aaplitud*  obnervde*  ch«i  l*a 
pilot**  ontrainda  aur  alaulataur  d*  vel  A  platc-fora*  fix*  a'*spliqu*nc  logiqu*a*nt 
par  un*  oxcitation  v**tibulalr*  d«a  canaux  a*ai-cipculalr*a  bl*n  aoindr*  qu*  call*  d*a 
vol*  rd*l*. 

La  pauvratd  d**  Bouv*«*nta  oculalr**  *at  du*  A  un*  fixation  viauell*  aur  un  deran  proch* 
du  aujatt  altuatlon  qul  n'oxlg*  qu*  d**  balayag**  oculalr**  rdduita. 

II  noua  a  dtd  difficll*  d'diablir  un*  ccrrdlatlon  «ntp*  nyatagaa*  *t  lllualon  aenaorlell* 
car  aucun  dea  pllotaa  intanogda  aprda  }*ur  proatation  n'a  avoud  avoir  reaaentl  1*  aoindr* 

aalala*  * 

Quoiqu*  noua  ayona  aaaurd  c*a  pilot**  qua  tout**  l*a  donnda*  phyaiologiquoa  ot  addicolra 
roeuellllaa  durant  1 ' expdr laontation  n*  acraiant  pa*  conaigndea  dana  lour  doaalor  addical 
d*aptltud*,  la  adfianc*  A  I'dgard  du  addocin  axpdrlaontatour  l*a  Aaportdi  e*  quo  noua 
ragrettona  car  aoule  un*  collaboration  dtroli*  ontr*  phyaiologiatoa  et  pllotaa  pourra 
fair*  progreaaer  no*  connalaaancoa , 
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Summary 

A  ymtial  iitsmunentis  defined  as  a  spatial  display  which  has  been  either  geometrically  or  symbolically  enhanced  to  enable  a 
user  to  acoomplishapartictilar  task.  Research  welMveconductedover  the  past  several  yean  on  SDspatialinstrumentshas  shown 
that  perspective  dis^ys,  even  when  viewed  fiom  the  correct  viewpoint,  ate  subject  to  systematic  viewer  biases.  These  biases 
inteiibre  widi  correct  spatial  judgements  of  the  presented  pictorial  information.  It  also  has  been  found  that  deliberate, 
appropriate  geometric  distortion  of  the  perspective  projection  of  an  image  can  improve  user  performance. 

These  twofindings  raise  intriguing  questions  concerning  thedemgnofhead-mounted  spatial  instruments.Thedesign  of  such 
instruments  may  not  only  require  the  int^uction  of  compensatory  distortions  to  remove  the  namrally  occurring  biases  but  also 
may  significantly  benefit  from  the  introduction  of  artificial  distortions  which  enhance  performance.  These  image  manipulations, 
however,  can  cause  a  loss  of  visual-vestibular  coordinatioa  and  induce  motion  sickness.  Additionally,  adaptation  to  these 
manipulations  is  apt  to  be  impaired  by  computational  delays  in  the  displays  of  the  image.  Consequently,  the  design  of  head- 
mounted  spatial  instruments  will  require  an  understanding  of  the  tolerable  limits  of  visual-vestibular  discord. 


latraducthM 

The  introduction  of  relatively  low  cost,  interactive,  high  performance  3D  computer  graphics  work-stations  such  as  the  IRIS 
2400 Turbo  or  the  Megatek  928,  and  the  certain  prospect  for  further  miniaturization  and  cost  reduction,  has  protided  aerospace 
designers  with  powerfiil  research  tools  for  creating  new  media  for  interactive,  information  displays. 

This  flexibility  raises  many  practical  design  challenges  and  interesting  theoretical  questious,  but  since  many  of  these  new 
information  displays  may  be  helmet  or  head  mounted,  particularly  prominent  questions  concern  guaranteeing  the  perceptual 
stability  of  the  tfisplay's  image.  Indeed,  it  is  shown  in  this  paper  that  selecting  a  head-mounted  format  limits  design  freedom  in  the 
definition  of  the  displays  in  ways  that  do  not  constrain  convendonai  panel-mounted  formats. 

Aaalyfis 

An  understanding  of  the  relevant  design  questions  is  best  provided  by  an  analysis  of  the  linear  transformations  that  the 
spatial  information  must  undergo  before  presentation  to  the  user.  In  genet^,  the  information  is  first  defined  as  sets  of  vectors, 
polygons,  or  polyhydra  positioned  in  nn  inertial  teforencefremesometimescalled  the  “real  world'caordinatesystems  (Foley  and 
Van  Dam,  1982). 

Prior  to  presentation  to  the  viewer,  this  information  must  be  transformed  by  ■scaling,  rotation,  translation,  and  projection  to 
position  it  in  an  “eye  coordinate  system”  determined  by  the  po.sition  and  direction  of  a  viewing  vector.  This  transformation 
process  is  commonly  represented  as  a  series  of  matrix  operations  and  is  referred  to  as  the  “viewing  transfomuition”. 

Subsequent  use  of  this  spatial  information  by  the  viewer  requites  that  he  perform  further  coordinate  transforms  to  bring  it 
into  a  useful  frame  of  reference.  For  example,  if  the  subject  is  required  to  make  an  egocentric  direction  judgement  based  on 
information  on  a  3D  map,  he  must  further  transform  the  iitformaiion  into  a  body  or  even  a  hand  centeved  coordinate  system  by  a 
process  similar  to  the  viewing  transfortrutioo.  These  are  the  transformations  typically  used  in  lelerobotics. 

Exocentric  directioa  judgements  or  other  exocentrically  orieuted  tasks  would  seem  to  require  an  additional  transformation 
to  place  them  at  the  exocentric  posiuor,  as  suggested  by  Piaget  (1956),  however,  these  tasks  can  be  shown  to  be  geometrically 
reducible  to  sequences  of  ^ocentiic  msk?  which  result  in  cgo-centric  direction  vectors  that  are  then  simply  subtracted  from  each 
other.  (Grunwald  and  ElUs,  1986)  (see  fig.  1) 

In  order  to  understand  how  fite  spatial  information  presented  in  [rictures  may  be  used,  it  is  helpfol  to  distinguish  between 
images  which  may  be  described  as  spim^diiplaysand  those  that  were  dmigned  to  be  sputiB/lnsinwiena.Onemaythiiikofaspiiria/ 
diqtlayaa  any  systematic  mapping  of  one  space  emto  another.  A  picture  or  a  phoiograph  is  a  spatial  display. 

A  gpafis/  iiuirumetu,  in  contrast,  is  a  spatial  display  has  been  enhanced  either  by  geometric  or  symbolic  techniques  to 
insure  that  the  communicative  intent  of  instrument  is  realized.  A  simple  example  of  a  spefkidinsnumeittls  an  analogue  clo^  In  a 
dock  the  angular  positkmsoffite  arms  are  made  proportional  to  time,  and  the  viewer^ningleestimatioa  task  is  assisted  by  radial  tic 
marks  designating  the  hours  and  minutes. 
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Figure  1  The  relative  direction  of  one  object  (cube)  vrith  respect  to  another  and  a  reference  direction  x  is  given 
by  the  diffuience  in  the  judged  egocentric  azimudi  rotation  of  two  objects;  the  ground  grid  which 
provides  the  reference  and  the  azimuth  plane  defined  by  perpendicular  drops  from  the  cubes  to  the  grid. 

A  second  aspect  of  tlie  definition  of  a  spatial  instrument,  which  the  dock  example  also  illustrates,  is  that  the  communicated 
variable,  time.ismadeproportionaltoaspatialpropertyofthe  display,  su  h  as  an  an^e,  area,  or  length  andisnotsiniply  encoded 
as  a  character  string. 

The  spatial  instruments  that  we  wish  to  focus  attention  on  are  generally  interactive.  That  is  to  say  that  the  communicated 
information  flows  both  to  and  fio  between  the  viewer  and  the  instrument.  .Some  of  this  bidirectional  flow  exists  for  practically  all 
^tatiaimstrumentsssace  movement  of  the  viewer  can  have  a  major  impact  on  the  appearance  of  the  display.  However,  the  displays 
we  wish  to  focus  attention  on  are  those  encorporating  at  lea. :  one  controlled  element,  such  as  a  cursor,  which  is  used  to  extract 
information  firom  and  input  uiformation  to  the  instrument. 

Spatial  '.nstniments  have  a  long  history.  One  of  the  first  ever  made  was  an  astrolabe  uncovered  in  1 90 1  near  Antikythera, 
Greece  but  not  fully  described  until  the  middle  'SO's  by  De  SoUa  Price  (1 959)  who  was  able  to  deduce  much  of  its  principles  of 
operation  by  x-raying  the  highly  corroded  remains.  Most  notably  was  his  discovery  that  the  device  used  differential  gearing  to 
convert  sidereal  morths  to  lunar  months.  Here  the  communicated  variables  are  the  positions  of  the  planets. 

Though  many  previous  spatial  instruments  have  been  mechanical  and  often  associated  with  astronomical  calculations 
(King,  1 978)  they  need  not  be  so. 

Maps  certainly  meet  the  definition.  The  map  projection  may  be  chosen  depending  upon  the  geographical  feature  of 
importance,  straight  line  mapping  of  compass  courses  as  in  Mercator  projections  or  area  conservation  as  in  Lambert-type,  equal- 
area  projections.  (Bunge,  1965)  The  projection  choice  illustrates  the  geometric  enhancement  of  the  map.  The  overlaying  of 
latitude  and  longitude  lines  illustrates  the  symbolic  enhancement. 

But  more  modem  media  may  also  be  adapted  to  enhance  the  spatial  information  that  they  portray  as  the  reference  grid  used 
by  Muybridge  illustrates  (Muybridge,  1953) 

Contemporary  spatial  instruments  are  found  throughout  the  modem  aircraft  co'.'kpit,  the  most  notable  probably  being  the 
attitude  direction  indicator  or  ADI  which  displays  a  variety  of  signals  related  to  the  aircraft's  attitude  and  orientation  with  respect 
to  terminal  navigation  beacons. 

More  recent  versions  of  these  standard  cockpit  instruments  have  been  realized  with  CRT  based  instruments  which  have 
generally  been  modeled  after  their  electromechanical  predecessors  (Boeing,  1 983).  The  computer  graphics  and  CRT  display 
media,  however,  allow  the  conception  of  totally  novel  display  formats  for  demanding  new  aerospace  applications. 

Gtunwald  and  Ellis  (Gnntvald  and  Ellis,  1987)  have  described,  for  iinmnn-,  a  more  pictorial  spatial  Instrument  to  assist 
infokmal,  complex,  orbital  navigation,  proximity  operations,  and  rendezvous  in  the  vicinity  of  the  space  station,  (see  Figure  2). 
Ihe  definition  of  this  instrument  entailed  a  number  of  specific  graphical  enhancements  which  may  be  clashed  as  either 
geometric,  symbolic  or  both.  For  example,  a  geometric  enhucement  was  introduced  by  providing  a  di^ay  mode  in  which  the 
axis  along  which  spacecraft  typically  follow  reentrant  looped  paths  is  transformed  into  a  tune  axis  which  does  not  exhibit  these 
loops.  This  transftumation  may  assist  obstade  avoidance  and  out  of  plane  manec  vering  during  small  orbital  changes.  The  use  of  a 
time  axis  may  also  be  a  technique  to  avoid  visual  iUusioas  associate  with  perspective  projections  of  the  trochoidal  paths  that 
describe  tiie  relative  motion  patiis  of  one  spacecraft  with  retq>ect  to  each  other  (Giunwald  and  Ellis,  1 987). 
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Figure  2  Sample  proximity  operations  display.  The  solid  curved  lines  show  a  planned  orbital  rendezvous 
between  an  orbiud  maneuvering  vehicle  (CMV)  and  the  space  station.  The  dotted  line  is  a 
predicted  flight  path  for  the  OMV.  The  projecting  vectors  show  body  axes  of  the  craft. 

Geometric  Enhancement 

In  general,  there  are  various  kinds  of  geometric  enhancements  that  may  be  introduced  into  spatial  displays,  but  their 
common  feature  is  a  transformation  of  the  metrics  of  either  the  displayed  space  or  of  the  objects  it  contains.  A  muro  femiliar 
example  is  found  in  relief  topographic  maps  forwhichit  is  useful  to  exaggerate  the  vertical  scale.  This  technique  has  also  been  used 
for  experimental  traffic  displays  for  commercial  aircraft.  (Ellis,  McGreevy,  &  Hitchcock,  1987) 

Another  type  of  geometric  enhancement  important  fordisplays  of  objects  inSDspace  involves  thechoiceoftheposition  and 
orientation  of  tte  eye  coordistate  system  used  to  calculate  the  projection.  .Azimuth,  elevation  and  roll  of  the  system  may  be 
selected  to  project  objects  of  interest  with  a  usefoi  aspect  This  selection  is  particulerly  important  for  displays  without 
stereoscopic  cues,  but  all  types  of  displays  can  benefit  ftW  an  appropriate  selection  of  these  parameters.  (Ellis,  Kim.  Tyler, 
McGreevy  and  Stark,  1985;  Kim,  Ellis,  iVler,  Haniuford,  and  Stark,  1987.) 

Because  of  its  dramatic  effect  on  the  image,  selection  of  thie  field  of  view  angle  is  particularly  interesting.  Only  changing  the 
field  of  view  angle  simply  magnifies  the  image  producing  an  image  which  corresponds  to  an  optic  array  geometrically  similar  to 
that  optic  array  that  a  viewer  would  experience  from  the  modeled  eye  point  Selecting  a  very  wide  field  of  view  angle  results  in  a 
minitnized  iitiage,  but  also  can  introduce  marginal  distortions  if  a  planar  projection  surfiice  is  used  to  produce  the  image.  An 
additional  source  of  distortion  can  arise  if  the  display  is  viewed  from  a  point  other  than  the  modeled  eye  point  in  the  eye  coordinate 
system.  The  effects  of  these  latter  distortions  truly,  however,  be  modulated  by  the  viewer’s  awareness  of  the  picture  plane  (Pirenne, 
1 970;  Ellis,  Smith,  McGreevy,  1987). 

Significant  design  features  can  be  achieved  by  joint  variation  of  the  field  of  view  angle  as  well  as  the  distance  from  the 
model^  eye  point  to  reference  objects  in  the  display  (McGreevy  and  Eliis,  1986;  Ellis,  etal.,  1987;Adams,  1975).  Though  this 
combined  manipulation  may  intro^ce  marginal  distortions,  it  allows  control  over  the  projected  sizes  of  objects  in  the  image  and, 
for  example,  allows  definition  of  a  projection  that  will  always  include  a  designated  volume  of  the  object  space.  Tliis  is  a  useful 
property  of  a  situation  awareness  display  which  is  not  preserved  in  a  display  by  changes  in  the  field  of  view  alone. 

The  introduction  of  deliberate  spatial  distortion  intoaspatialinstrumentcanbeauseful  way  tnim|»ovethecommunication 
of  spatial  information  to  a  viewer  since  the  distortion  can  be  used  to  correct  underlying  natural  biases  in  spatial  judgements.  For 
example,  exocentric  direction  judgements  (Howard,  1982)  made  of  extended  objects  in  pmpective  displeys,  can  for  some 
response  measures  exhibit  a  Telephoto  bias”.  That  is  to  say  that  the  subjects  behave  as  if  they  were  looking  at  the  display  through  a 
telephoto  lens.  This  bias  can  be  corrected  by  introdution  of  a  compensating  wide-angle  distottion.  (McGreevy  and  Slis,  1986; 
Grunwald  and  Ellis,  1987) 

Unnatural  scaling  of  displayed  objects  can  also  be  used  to  control  their  prominence  to  insure,  for  example,  that  they  never 
become  vanishingly  small,  (see  Fig.3).  Object  scaling  is  particularly  effective  at  achieving  nonlinear  exaggerations.  Unnatural 
object  scaling  can,  however,  increase  display  clutter  since  objects  may  interpenetrate,  but  the  fiKt  that  objects  and  their 
component  axes  may  be  independentiy  seated  generaliy  provitte  the  deicer  with  techmques  to  reduce  this  problem. 
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Figu*«  3  Sample  cockpit  display  o{  air  traffic.  Own  ship  is  at  die  center  of  the  display.  1  minute  predictors 
project  out  of  oil  aircraft  symbols.  Reference  lines  are  dropped  perpendicular  to  the  r^erence  grid. 


Symbolic  Enhancement 

Symbolic  enhancements  generally  consist  of  objects,  scales,  or  metrics  that  are  introduced  into  a  display  to  assist  pick-up  of  the 
communicated  information.  The  usefulness  of  such  symbolic  aids  can  be  seen,  for  example,  in  displays  to  present  air  traffic 
situation  information  \^ch  focus  attention  on  the  relevant  'Variables''  of  traffic  encounter,  such  as  relative  altitude,  as  opposed  to 
less  useftil  'properties"  of  the  aircraft  state  such  as  abstdute  altitude  (Faizon,  1 98?), 

One  way  to  present  an  aircraft’s  altitude  relative  to  a  pilot’s  own  ship  on  a  perspective  display  is  to  draw  a  grid  at  a  fixed 
altitude  below  the  "ownship”  symbol  and  drop  reterence  lines  firom  all  aircraft  symbols  onto  the  grid.  If  the  “ownship"  altitude  is 
marked  on  these  reference  lines,  then  the  distance  froni  the  other  aircraft  symbols  to  the  mark  is  proportional  to  the  relative 
altitude.  If  the  aircraft  are  given  predictor  vectors  that  show  future  position,  similar  reference  lines  can  be  dropped  from  the  ends 
of  the  predictor  lines. 

The  reference  lines  not  only  serve  to  clarify  the  target's  ambiguous  aspect  but  also  can  improve  perception  of  the  target's 
heading  difference  with  a  pilot's  ownship.  This  ^ect  has  been  shown  in  a  recent  experiment  examining  the  effects  of  reference 
lines  on  egocentric  perception  of  azim’Jth  of  extended  objects  in  perspective  images  created  by  a  microcomputer  graphics  system. 
This  experiment  provides  a  detailed  example  of  how  psychophysical  evaluation  of  display  formats  can  be  used  to  assess  their 
information  display  effectiveness. 

In  this  experiment  1 0  subjects  viewed  static  perspective  projections  of  aircraft-like  symbols  elevated  at  three  different  levels 
above  a  ground  reference  grid;  a  low  level  below  the  view  vector  and  almost  on  the  grid,  a  middle  level  co-linear  with  the  viewing 
vector,  and  a  high  level  above  the  view  vector  by  the  same  amount  as  the  low  level  was  below  it.  (see  Fig.4).  The  aircraft  symbol  has 
straight  predictor  vectors  projecting  forward  lowing  future  position  above  tlie  referenc<:  grid.  In  one  condition  reference  lines 
were  dropped  only  fiom  the  current  aircraft  position,  in  the  second  condition  lines  were  dropped  both  from  current  and  predicted 
position. 

The  subjects  viewed  die  entire  configuration  of  aircraft  symbol  and  grid  firun  a  fixud  eye  position  28  cm  from  the  projection 
surface.  This  position  was  from  thedisplay  surface  and  at  the  center  of  projection  foraviewing  vector  set  toOdegrees  azimuth  and 
—22.5  deg  elevation.  Nine  different  azimuth  rotations  of  the  image  were  presented;  0  to  180  in  22.5  degree  increments.  The 
subject’s  task  was  to  adjust  the  egocentric  direction  of  a  horizoatal  diel  to  indicate  die  azimuth  rotation  of  the  aircraft.  Azimuth 
rotation  was  crossed  witii  a  number  of  reference  lines  in  a  fretorial  repeated  measures  experiment. 

The  first  result  of  the  experiment  was  that  subjects  made  substantial  errors  in  their  estimation  of  the  azimuth  rotation  of  the 
aircraft;  they  generally  saw  it  rotated  more  towards  tl.«ir  frontal  plane  than  it  in  fret  was  (F  ••  23.4,  df  8,72;  p.  <  .001).  This 
corresponded  to  clockwise  errors  for  actual  clockwise  rotations  up  to  90  degrees.  The  errors  reverse  for  rotations  greatei' than  90 
degrees. 

The  second  result  is  that  the  error  towards  the  frontal  plane  fertile  symbols  with  one  reference  line  increased  as  the  height  of 
thesymboliiicreasedabovethegrid(F—4.1,df— 2,18, p<.34).Most  significantly,however,as  shown  in  flgure5,introduction  of 


F1gut«  4  Fivt  views  of  sample  stimuli  used  for  the  experiment  whidi  iUustrate  the  three  heights  of  the  eiicntt  symbol 
shove  the  grid  and  the  two  leference  line  conditions.  Viewing  elevation  ■■  ~7.2.S  deg,  aximuth  ••  45  degrees. 


EGOCENTRIC  DIRECTION  ERROR 


Figure  5  Mean  clockwise  and  counterclockwise  egocentric  direction  judgement  for  clockwise  azimuth  rotation. 


the  second  reference  line  totally  eliminated  the  effect  of  height,  reducing  the  aziffiudi  error  in  some  cases  about  50%  (F  ••  2.402, 
df- 16,144,  p<.003> 

\  more  detailed  geometric  and  perceptual  analysis  of  this  result  is  beyond  the  scope  of  this  paper,  however,  these 
experimental  results  show  in  a  concrete  way  how  appropriately  chosen  symbolic  enhancements  can  provide  not  only  qualitative 
but  quantitative  improvement  in  pictorial  communication. 

Combined  geometric  and  symbolic  enhancements 


Some  enhancements  oombitte  bodi  symbolic  and  geometric  eleaenta.  One  good  example  is  provided  by  techniques 
connecting  the  photomdric  properties  of  Ejects  or  regions  in  the  display  widt  other  geometric  properties  of  tte  olgects  or 
regions  themaei  res.  Russell  a^I^as(1987),  for  example,  have  associated  the  optical  deiisiry  of  points  in  space  with  the  norm  of 
the  gndient  of  the  concentration  of  a  dissolved  component  and  produced  striking  ^ualization  at  three-durensional 
dist^tkns  of  die  compound.  Siinitar  techniques  have  bm  applied  to  solid  models  derived  from  sequences  of  CAT  scans  and 
allowedakind  of  “electronic  dissection’*  ofmediralimagesby  control  of  the  transparency  of  the  dittetent  tissue  types  contained  in 
the  X*ray  images  (Phoenix  data  systems).  Thou^  this  tedinique  can  provide  absolutely  remaikable  imag^  one  could  for 
example  “see  the  wind*  (poem  refer)  by  making  optical  density  proportional  to  velocity:  one  of  the  diallettges  of  its  use,  generally 
not  yet  met,  ia  the  introduction  of  metrical  aids  to  allow  the  viewer  to  pic^p  quandtadve  informatson  from  the  photometric 
transfonnation. 
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The  different  types  of  enhancement  are  impoitant  in  particular  for  nead'inounted  displays  because  they  interact  differently 
with  the  image  and  the  viewer,  the  global  geonurtric  enhancentents  arc  particularly  impormt  for  head'inounted  displays  since 
they  interfere  with  visual*vatitniiar  coordination  and  can  resuh  la  owl^  sickness. 

Computergencratedihelmet-mauntedimageswercprobablyfintproducedby  IvanSutherlandia  1970(Sutherland,  1970) 
and  have  mote  recently  been  produced  somewhat  mote  elaborately  at  several  other  laboratoiies.  (Furness,  1986;  Fisher, 
McOreevy,  Humphries,  Robinett,  1986) 

When  Sutherland  developed  his  (^lay,  the  required  hatdvrare  and  software  investment  was  substantial  and  available  only 
to  well  funded  laboratories.  In  contrast  today,  the  display  technology  has  become  so  inexpensive  that  a  system  adequate  for 
creditable  research  can  be  assembled  vdthin  i  budget  of  a  few  thousand  dollars. 

Presentation  the  computer  generated  image  display  on  a  head  mounted  display  strongly  encourages  the  viewer  to 
interpret  the  pre^tion  as  a  vi  rtual  space  which  is  expected  to  interact  widi  his  movementa  as  if  It  were  a  real  space.  This  kind  of 
interpretation  ato  occurs,  but  to  a  lesser  extent,  with  ordinary  pictures  presented  in  the  notmel  panel  mounted  format.  The 
interpretition  of  a  virtual  space  can  give  rise  to  pictorial  illusions  of  depicted  orientation  fGoldstein,  1987;  ElUs,  Smith,  and 
McOreevy,  1987),  but  these  effects  are  far  weaker  with  panel  mounted  displays  than  with  Utose  that  ate  helmet-mounted. 

One  reason  for  the  difference  is  that  the  helmet  displays  often  include  collimatiitgoptics,  (Weintraub  era/.,  1 985)  producing 
true  virtual  images  and  interfering  vrith  viewers  ability  to  locate  the  surftKc  of  the  pictuR  (Nagata,  1 986).  Furthetmore,  the  helmet 
displays  generally  present  wider  fields  than  the  panel  mounted  displays.  These  viewing  conditions,  which  trigger  the  normal 
binocular  reflexes  associated  with  vergence  accommodation,  coupled  with  the  vestibular  effects  of  head  movement  result  in  a 
viewing  situation  that  requires  careful  calibration  to  insure  perceptual  stability.  If  stereoscopic  presentation  or  head  driven 
motion  parallax  are  used,  this  requirement  is  assured. 

The  difficult  with  this  format  is  that  most  of  the  interesting  geometric  enhancements  destroy  the  required  cslibration.  This 
difficulty  is  true  by  definition  for  the  enhancements,  such  as  differential  scaling  of  the  axes,  that  operate  on  the  display  space  itself, 
but  it  is  also  true,  though  to  a  lesser  extent,  of  enhancements  such  as  differential  object  scaling  because  femiliar  sixe  can  be  the 
ox-erriding  cue  to  apparent  distance  (Ittelson,  1951).  This  effect  may  have  operationid  significance  and  explain  errors  pilots  make 
when  using  virtual  image  displays  (Roscoe,  1 984;  1 987). 

The  loss  of  visual  stability  due  to  improper  corretation  between  risuai  and  vestibular  movement  arises  ft'om  both  voluntary 
and  in  voluntaty  head  movement.  Large  voluntary  head  movement  can  produce  the  most  obvious  loss  of  stability  if  the  gains  and 
phase  lags  between  the  image  movement  and  vestibular  ocular  reflex  (VOR)do  not  match.  Fortunately,  the  VOR  is  adaptable  and 
can  adjust  its  gain  and  phase  response  (Bertoz  and  Melville- Jones  1985^  though  time  lags  resembling  transport  delays  may 
predu^  this  adaptation.  Small  involuntary  head  movements  cause  relative  movement  between  the  head  and  the  viewing  axis  of 
the  eye  which  is  inertially  stabilixed  by  the  VOR.  In  this  situation  the  head-mounted  display  screen  moves  and  blurs  the  image. 
Thus  the  normal  operation  of  the  VOR  is  actually  counterproductive.  Measurement  of  the  actuil  head  movement  can  provide  a 
signal  to  allow  compensatory,  inertial  stabiiization  of  the  display  by  dispbeement  on  the  screen  by  adaptive  filters  which  can 
model  the  VOR  (Velger  et  al.,  1987). 

Besides  loss  of  visual  stability,  geometric  eahancements  can  interfere  with  visuo-motor  coordination.  This  interference  is 
particularly  evident  if  tite  display  includes  a  hand-controlled  cursor.  Undertfaese  circumstances  an  improperly  calibrated  or  and 
intentionally  distorted  display  lesemMes  the  view  through  a  prism  and  lens  system  tiiat  introduces  an  optical  distortion  into  the 
lines  of  sight.  As  known  at  least  from  the  time  of  Helmholtz  (1 856),  tiie  visuo-motor  system  can  comidetely  adapt  to  the  kind  of 
conformal  transformation  such  system  can  produce.  Short  time  ddays,  on  the  order  of  100  msec.,  can,  however,  substantially 
degrade  or  block  this  adaptation.  (Held,  Efetathiou  and  Greene,  1966). 

Allowable  Enhancements  for  Helmet  Mounted  Instruments 

In  view  of  the  many  intrinsic  problems  with  purely  geometrical  enhancement,  the  si  ifest  enhancements  for  helmet  mounted 
instruments  seem  to  be  symbolic,  the  kind  of  added  information  overlays  diat  have  been  used  on  aircraft  heads-up-dispIays  for 
years. 

These  displays  typically  transpose  much  cd  the  inforaution  already  available  inavreraft  cockpits  intoamore  integrated  form 
and  present  it  onalar^  combining  plate,  or  beam  splitter, so  the  information  isavailablelieadtip’' and  can  be  seen  whan  the  pilot 
looks  out  the  window  (Weintraub,  Haines  and  Randle,  1 985).  In  addition  to  the  usiul  moving  tape,  cuTson  numerical  readwts, 
ttieae  displays  often  have  a  small  graphics  image  ptqjected  to  correspond  in  ritape,  sae  and  potion  to  au  out-die-window  object 
such  as  a  runway.  Maintaining  gn^  calibration  to  such  an  oxwiap  between  a  Usplay-generated  graphics  object  and  ttie 
projection  of  a  real  external  ofjectreiwesents  a  signiBcantdiaBeoge  In  a  wearable  hehnet  not  using  skull  screws  to  maintain  its 
positiott  on  the  users  head,  lade^.helinet  mounted  diapiays  of  this  tort  have  been  suggesteduuseftilnauiea-inducint  apparatus 
to  attempt  to  habituate  astronauts  to  the  sensory  dbcordanceolwei^dessness  before  they  begin  space  tTavel.(Paiker,Renschke, 

Airott,  Hcoick,  and  Liditenbetg,  1986.) 

Never  the  less,  symbolic  uae  of  Ihree-dimeiisiotitabo  seem  to  be  an  aBowableenhanrement.  For  example,  one  rMiiiMjjiy. 

tbtee-dimetttioaal  icons  reprerentiiig  records  in  a  hierarchical  data  base  to  which  the  third  dimensioa  could  npresentdeptii  of 
nesting.  Another  interesting  possibihtyforsymbo&caid  could  be  transient  3D ‘yardstick'*  used  in  combination  withaSDcursor 
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eOM  Bay  iaieiimMd  diairty  ec  ckMfiiit  dM  Aipe  and  tiae  of  tiw  objeeli.  TiMy  eraiild  eeioftiNMtely  iaieffere  witli  mimnl 
niaid|wlatk»  of  the  objects,  bot  at  tong  at  ddt  it  caiiM  out  eymbolicaltywiUiacunor  and  not  withaiimulatediiaiicr  with  many 
degrmofcontwl  wbtAauitbeadapMtothecoBcMttooeofthedtsplay  space,  tbeeeitw  and shape  tianrfonnattooAould  not  be 
tooaventve. 

FInaUy,  the  photoomsk  tsawlonnattons  iUuitiaied  by  Rueseil  and  Mfles  (1M7)  aie  unlikely  to  have  untoward 
consequences  for  head  mounted  instfuments  and  may  prove  usahil  if  combined  with  metrical  abb  allowint  them  to  present  mote 
quantitative  informMion. 

In  the  final  analysis  the  Uinita  we  Ihce  in  the  definition  of  helmet  mounted  instruments  arc  not  really  claaskailytechnidailcal, 
but  inteilectutf. The  tochnola|ical  limits  we  fece  in  flte  desim  of  dtese  tools  will  be  foreseeably  over  come  by  time,  eflort  and  the 
natural  progress  in  optical  atrd  electronic  fabrication.  The  developmentof  spatial  iastnunentsislimited  not  by  our  manukcturing 
capabiUtirs  but  by  our  imagination  and  by  our  understanding  of  human  spatial  perception. 
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SUMMARY 

Yaw  vection  is  induced  by  a  scene  rotating  about  the  spinal  axis  (z  axis),  pitch  vec- 
tion  by  a  scene  rotating  about  an  axis  in  the  mid-frontal  piane  (y  axis)  and  roll  vection  by  a 
scene  rotating  about  an  axis  parallel  to  the  line  of  sight  [x  axis).  Each  of  these  axes  can  be 
vertical  or  horizontal,  making  six  conditions  in  all,  of  which  only  four  have  been  studied 
previously.  We  studied  vection  and  illusory  body  tilt  under  all  six  conditions,  with  a  full 
rotating  field,  reduced  somestlietic  cues  and  in  a  situation  in  which  body  rotation  could  oc¬ 
cur.  Yaw  vection  around  a  vertical  axis  was  strongest.  Forward  pitch  vection  was  stronger 
than  backward  pitch  vection.  Contrary  to  previous  reports,  for  most  subjects  backward  il¬ 
lusory  tilt  was  much  stronger  than  forward  illusory  tilt.  Two  subjects  experienced  360* 
body  rotation  in  the  horizontal-pitch  condition.  The  direction  of  pitcli  axis  asymmetry  was 
found  to  be  consistent  and  not  related  to  the  asymmetry  of  vertical  optokinetic  nystagmus. 

INTRODUCTION 

An  erect  observer  cxjxiscd  to  u  scene,  moving  horizontally  usually  cxixjiionccs  full 
continuous  body  rotation  (cireularveoiion)  after  about  20  seconds.  An  upright  observer 
surrounded  by  a  scene  moving  vertically  or  by  one  rotating  about  the  visual  axis,  typically 
experiences  a  limited  degree  of  body  inclination  or  lilt  (up  to  about  LS  degrees)  accompa- 
niol  by  a  paradoxical  sensation  of  body  rotation  (1).  The  limited  sensation  of  body  till  or 
inclination  has  been  ascribed  to  the  .absence  of  otolith  stimulation  that  would  accompany 
real  tilt  This  tlieory  gains  supjxMt  from  tlic  fact  that  pitch  vection  is  more  pronounced  when 
subjects  arc  upside  down;  a  position  in  which  the  utricles  arc  less  sensitive  (2).  Continuous 
vection  without  tilt  sensations  is  produced  when  the  subject  is  supine  and  exposed  to  rota¬ 
tion  of  the  scene  about  the  visual  axis,  because  in  this  situation  the  effects  of  gravity  are  ir¬ 
relevant  (3).  Young  ct  al.  (5)  measured  roll  vection  in  the  weightless  conditions  of  space 
and  found  that  its  onset  latency  was  generally  shorter  than  for  cillicr  vertical  or  Iiorizontal 
toll  vection  on  earth.  It  is  not  clear  from  this  study  how  zero-gravity  conditions  affected 
sensations  of  illusory  body  tilt.  This  would  presumably  depend  upon  whether  the  subject 
imagined  himself  sitting  up  or  lying  down.  If  he  imagined  himself  sitting  up  tlie  experience 
of  roll  vection  should  much  the  same  ns  on  earth  until  the  subject  hiis  learned  not  to  ex¬ 
pect  gravify-ielatcd  sensations  when  the  body  tills. 

According  to  the  utricular-restraint  theory,  vection  without  illusory  tilt  should  occur 
when  the  vection  axis  is  vertical,  and  vection  should  be  accompanied  by  n  sensation  of  tilt 
whenever  the  vection  axis  is  horizontal.  In  neither  case  should  it  matter  what  imsturc  the 
subject  is  in.  However,  this  may  not  be  the  whole  story.  In  previous  studies  the  moving 
displays  did  not  fill  the  wiiole  visual  field  and  no  attempt  was  made  to  minimize  soines- 
thctic  cues.  Furthermore,  subjccis  sat  in  an  ordinary'  clwir  with  their  feet  on  the  ground  and 
were  thus  prodis|X)scd  to  believe  that  they  would  nut  rotate.  The  present  exjjerimenis  were 
designed  to  ovcicoinc  these  limitations. 

Another  aim  of  these  c.xperimcnts  was  to  make  comparisons  between  related  stim¬ 
ulus  conditions,  in  order  to  understand  why  illusory  body  tilt  is  limited.  Wc  may  cx|XMi- 
ence  limited  tilt  of  the  body  wlicn  looking  at  a  visual  display  rotating  urouiul  the  visual  axis 
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(Fig.  lf)>  not  only  because  of  tlie  effects  of  gravity  receptors,  but  also  because  we  rarely 
see  the  world  turn  full  circle  about  the  visual  axis.  Tlic  proper  comparison  condition  is  one 
in  which  the  supine  subject  looks  up  at  a  display  rotating  about  the  visual  axis  (Fig.  le), 
that  is,  a  condition  in  which  the  restraint  of  gravity  is  removed  but  the  factor  of  visual 
experience  is  still  the  same.  To  take  a  second  example,  we  may  experience  limited  illusory 
pilch  when  looking  at  an  upward  rotating  display  (Fig.  Id)  because  wc  ruicly  see  the  visual 
world  rotate  this  way.  The  proper  coniparison  condition  in  titis  case  in  that  in  which  the  re¬ 
cumbent  subject  looks  at  a  display  rotating  towards  the  feet  or  the  head  (Fig.  Ic).  Finally,  if 
visual  experience  is  responsible  for  limited  illusory  body  tilt  then  subjects  sliould  experi¬ 
ence  full  unimiicdcd  vuction  when  lying  down  and  looking  at  a  visual  display  rotating  about 
tire  visual  axis  (Fig.  lb)  because  this  type  of  visual  motion  is  very  common,  as  when  we 
see  a  scene  rotating  around  the  vertical  body  (Fig.  la).  In  previous  studies  tests  iiavc  been 
made  in  only  four  of  the  possible  six  stimulus  configurations,  which  means  that  proper 
comparisons  have  not  been  made  between  equivalent  stimulus  conditions. 

METHODS 

Apparatus  The  main  apparatus  was  a  hollow  nine-foot  diameter  fiberglass  sphere.  'I’lic  in¬ 
side  tx  as  painted  white  and  covered  with  randomly  spaced  black  dots,  varying  in  size  from 
1  cm  to  5  cm.  Tlie  sphere  could  be  rotated  about  either  a  vertical  or  horizontal  axis.  The 
change  in  axis  was  accomplished  by  adjusting  a  jack  which  either  lowered  the  sphere  onto 
bearings  at  the  side  or  raised  it  to  engage  bearings  above  and  below.  When  the  sphere  was 
on  the  vertical  axis  tlie  support  for  tlie  subject  was  inserted  into  the  lower  bearing  in  such  a 
way  that  it  engaged  a  drive  system  which  enabled  the  experimenter  to  rotate  the  subject  and 
the  sphere  independently  about  the  same  vertical  axis  One  support  was  a  chair  which  held 
the  subject  in  a  vertical  sitting  posture  (Fig  la)  and  another  was  a  horizontal  bed  which 
supported  the  subject  in  either  a  supine  (Fig  le)  or  recumbent  posture  (Fig.  Ic).  When  the 
sphere  was  on  its  horizontal  axis,  the  vertical  subject  support  was  removed  and  a  horizontal 
boom  was  moved  along  a  track  through  the  centre  of  one  of  the  side  bearings.  Supports  for 
the  subject  coui.i  be  attached  to  the  end  of  this  boom.  One  of  these  supixrrtcd  the  subject  in 
a  vertical  sitting  posture,  either  facing  the  axis  of  rotation  (Fig.  10  or  facing  at  right  angles 
to  the  axis  (Fig.  Id),  and  the  other  supported  ihc  subject  in  a  supine  posture,  like  an  animal 
on  a  spit  (Fig.  lb).  A  motor  driven  shaft  passed  through  the  boom  so  that  the  subject  could 
be  rotated  incu-  pciidently  of  the  sphere  about  the  same  horizontal  axis.  In  all  conditions  the 
subject's  head  was  at  the  centre  of  rotation  of  the  sphere,  in  tliose  conditions  in  which  the 
vection  axis  was  horizontal,  the  subject's  body  was  encased  in  a  box  lined  with  inflated  air 
bags  and  was  strapped  with  a  ftve-poim  harness  on  the  outside  of  the  air  bags.  1  here  was 
thus  pressure  on  all  sides  of  the  subject's  body.  A  two-way  microplione-speaker  system 
allowed  experimenter  and  sub  ject  to  communicate  witliout  having  to  press  contiols. 

Stimulus  Conditions  We  define  vaw  vection  as  that  occurring  about  the  mid-body  axis  (z 
axis),  pitch  vection  as  that  occurring  about  an  axis  in  the  mid  fronla)  plane  of  the  body  (y 
axis)  and  roll  vection  as  that  occurring  about  the  visual  axis  (x  axis).  Each  of  these  vec¬ 
tion  axes  can  be  either  vertical  or  horizontal,  which  makes  up  tl'.e  six  conditions  illustrated 
in  Figure  1.  Quantitative  results  nave  been  published  for  only  tlnce  of  these  conditions;  the 
vertical-yaw  (Fig.  la),  tlie  horizontai-piich  (Fig.  Id),  and  tlie  horizontal- roll  (Fig.  Ifj  con¬ 
ditions.  In  the  three  vertical-axis  conditions  (rig.  la,  c  and  e)  Ihe  gravity  sensors  ate  irrele¬ 
vant  to  tlie  experience  of  vection.  These  are  referred  to  as  the  gravity-irrelevant  conditions. 
Each  of  these  conditions  has  a  matching  horizontal-axis  condit’on  (Fig.  lb,  d  and  f  respec¬ 
tively)  in  which  the  subject  sees  the  same  visual  motion  but  in  wliich  the  gravnv  sensors 
would  be  expected  to  restrain  vection.  We  shall  refer  to  these  as  gravity-relevant  condi¬ 
tions.  Thus,  the  vcrtical-yaw  condition,  in  winch  the  npngiit  subject  watches  a  hoii/.ontally 
moving  display  (I'ig.  la),  is  gravity  irrelevant  and  is  iheroforc  otic  in  which  lull  unimpeded 
vection  is  usually  exiKiicnccd.  This  condition  is  inatclicd  by  the  gravily-vclevaiit,  horizon¬ 
tal-yaw  condition  in  which  the  supine  subject  watches  a  display  rotating  from  sidc-to-sidc 
across  the  visual  field  (Fig.  lb).  In  this  condition,  the  utricles  and  somesthctic  system  in- 
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a.  Vertical  vaw  b.  Horizonta'  yaw 


e.  Vertical  roll 


f.  Horizontal  roll 


Figure  1.  Stimulus  conditions.  Yaw  denotes  stimulus  rotation 
about  the  mid-body  axis,  pitch  about  the  y-body  axis  and  roll  about 
the  visual  axis.  Vertical  and  horizontal  refer  to  the  orientation  of  the 
axis  of  scene  rotation. 


4 


•j 


15-4  I 

form  the  subject  that  the  body  is  not  rotating  with  respect  to  gravity.  Tlie  three  matched  i 

pairs  of  conditions  of  tliis  sort  are  set  out  side  by  side  in  Figure  1 .  1 

The  sphere  was  rotated  around  the  stationary  subject  at  velocities  of  30,  45  and  i 

60Vs  in  both  clockwise  and  anticlockwise  directions.  Each  trial  lasted  60  seconds.  During  P 

30-second  intervals  between  trials  the  subject  was  in  the  dark  and  was  asked  to  open  the  | 

eyes  for  the  new  trial  when  the  sphere  had  reached  a  steady  velocity.  At  ten-second  inter-  ij 

vals  through  each  trl^  the.subject  asked  to  report  the  magnitude  of  vection  by  calling  | 

out  a  number  between  zero  and  four.  Zero'  signified  no  vection  and  'four'  signified  that  !< 

the  subject  felt  that  the  body  was  rotating  inside  a  stationary  sphere.  Numbers  'One',  'two' 
and  'tliree'  indicated  intermediate  levels  of  vection.  In  those  conditions  in  which  the  vection  I 

axis  was  horizontal  the  subject  was  also  required  to  report  the  angular  extent  to  which  the  ^ 

body  seemed  to  be  tilted  or  inclined  to  gravity.  Subjects  used  a  scale  of  0, 10,  20, 30,  45,  ' 

60,  and  90  degrees  for  these  judgments.  In  the  main  experiment  nobody  rci>ortcd  values  | 

beyond  90  degrees.  Before  each  gravity-relevant  trial,  subjects  were  actually  tilted  througli 
each  of  the  designated  angles  between  0  and  90  degrees  to  left  and  to  rigiit  and  were  told  I 

what  angle  that  was.  They  were  then  tested  with  corrections  until  they  were  able  to  recog-  ! 

nize  each  of  these  angles  accurately.  This  procedure  trained  subjects  in  making  tilt  judg-  j 

ments  and  convinced  them  that  the  support  could  turn.  For  each  stimulus  condition,  sub¬ 
jects  were  tested  for  each  stimulus  velocity  in  both  directions.  Trials  were  presented  at  ran¬ 
dom.  A  subject  was  tested  on  only  one  stimulus  condition  on  a  given  day  and  the  order  in 
which  conditions  were  tested  was  counterbalanced  across  subjects.  Seven  adult  subjects 
were  tested  oh  all  conditions  of  the  main  experiment. 
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RESULTS 

From  each  trial  the  magnitude  of  vection  was  indicated  by  the  mean  of  the  six  nu¬ 
merical  estimates  that  subjects  made.  The  magnitude  of  illusory  body  till  war.  derived  in  the 
same  way. 

The  main  results  with  regard  to  vection  magnitude  arc  as  follows.  Yaw  vection,  for 
both  vertical  and  horizontal  axes  was  significantly  stronger  than  pitch  vection,  wliich  in 
turn  was  significant!;^  stronger  than  roll  vection  (Figure  2).  Vection  around  a  vertical  axis 
was  on  average  significantly  stronger  than  vection  around  a  horizontal  axis  for  all  body 
postures  (Figure  3).  The  magnitude  of  vection  was  the  same  for  the  two  directions  of  scene 
motion  except  that  downward  pitch  vection  (induced  by  upward  scene  rotation)  was  sig¬ 
nificantly  stiongcr  than  upward  pitch  vection  (Figure  4),  For  rol  I  vection  there  was  a  sig¬ 
nificant  trend  for  the  magnitude  of  vection  to  decrease  with  increasing  velocity  of  the  stim¬ 
ulus,  but  no  significant  effect  of  velocity  was  found  for  the  other  vection  axes  (Figure  5). 

The  main  results  with  rcsix:ct  to  illusory  tilt  arc  as  follows.  Illusory  tilt  occurred,  as 
expected,  only  when  the  vection  and  gravity  axes  were  orthogonal,  that  is,  in  gravity-rele¬ 
vant  conditions.  The  mean  results  for  7  subjects  averaged  across  stimulus  velocity  are 
shown  in  Figure  6.  Statistical  analysis  revealed  that  there  was  a  strong  asymmetry  of  illu¬ 
sory  tilt  for  pitch  vection.  For  all  but  one  subject,  at  all  stimulus  velocities,  illusory  tilt 
backwards  was  much  stronger  than  illusory  tilt  forwards  and  all  these  subjects  were  aware 
of  this  asymmetty.  One  subject  experienced  a  strong  opposite  asymmetry.  The  asymmeti  ies 
for  the  other  axes  were  not  significant.  For  each  axis  ol  vection  tlie  degree  of  illusory  tilt 
increased  with  stimulus  velocity  up  '.o  45Vs  (Figure  7). 


SUPPLEMENTARY  EXPERIMENTS 

The  most  sUiking  result  of  the  main  experiment  is  the  strong  asymmetry  of  illusory 
body  tilt  for  pitch  vection  about  a  iiorizontal  axis.  For  all  but  one  subject  illusory  pitch 
backward  (induced  by  downward  stimulus  motion)  was  stronger  than  illusory  pilch  for¬ 
ward.  Young  ct  al.  found  the  reverse  asymmetry  in  four  suhjecls  w'ho  were  lesled  in  a 
flight  simulator  (2).  Only  one  of  our  subjects  behaved  like  those  t  f  Young  ct  al.  The 
difference  between  the  two  studies  could  be  due  to  ratidom  sampling  of  subjects  or  to  dif¬ 
ferences  in  the  stimulus.  The  most  obvious  difference  is  that  a  flight  simulator  display  con¬ 
tains  a  stationary  window  frame  whereas  our  display  had  no  stationary  features.  Wc  there- 
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Figure  2.  Mean  vection  magnitude  of  seven  subjects  for  yaw, 
pitch  and  roll  axis.  Error  bars  are  standard  errors  of  the  mean. 
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Figure  3.  Mean  vection  magnitude  for  all  horizontal  axis 
conditions  compared  with  that  for  all  vertical  axis  conditions. 
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Figure  4.  Mean  vection  magnitude  as  a  function  of  direction  of 
scene  motion  for  each  vection  axis. 
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Figure  5.  Mean  vection  magnitude  for  each  vection  axis  as  a 
function  of  stimulus  velocity.  Only  vection  about  the  roll  axis 
showed  a  significant  decline  with  increasing  velocity. 
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Figure  6.  Mean  illusory  body  tilt  for  each  direction  about  each 
vection  axis  for  only  gravity-relevant  conditicis  (horizontal  axis  of 
scene  rotation). 


30  45  60 

Stimulus  velocity  [deg/sec] 


Figure  7.  Mean  illuso^  body  tilt  averaged  across  three  gravity- 
relevant  stimulus  conditions  as  a  function  of  stimulus  velocity. 
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fore  retested  the  subjects  on  the  gravity-relevant  conditions  but  with  a  stationary  30  cm 
square  frame  suspended  just  in  front  of  tlie  moving  display,  straight  ahead  of  the  subject. 
The  results  are  shown  in  Figure  8.  For  pitch  vection,  all  subjects  showed  the  same  direc¬ 
tional  asymmetry  Uiat  they  had  shown  without  t’e  frame.  Thus,  directional  asymmetries  of 
illusory  pitch  are  consistent  from  day  to  dav  and  are  not  related  to  the  presence  or  absence 
of  a  fixed  frame.  In  addition,  there  was  a  Significant  trend  for  clockwise  roll  vcction  to  be 
stronger  than  counterclockwise  roll  vcction.  AH  subjects  experienced  the  very  striking  im¬ 
pression  that  tlie  frame  was  displaced  from  the  hcaizontal  or  vertical  by  the  same  amount  as 
the  body. 

In  a  second  supplementary  experiment  we  explored  whether  the  asymmetry  in  illu¬ 
sory  body  pitch  is  related  to  asymnwtries  in  vertical  optokinetic  nystagmus  (OKN).  It  has 
been  reported  that  the  gain  of  OKN  with  slow  phases  in  an  upward  direction  is,  for  most 
people,  stronger  than  that  with  slow  phases  in  a  downward  direction  (4).  After  testing  nine 
more  subjects  we  found  a  second  subject  with  stronger  illusory  tilt  towards  the  feet.  We 
recorded  the  slow  phase  velocity  of  upward  and  downward  OKN  of  the  two  subjects  with 
this  type  of  asymmetry  and  of  two  subjects  with  the  other  type  of  tilt  asymmetry.  All  four 
subjects  showed  the  normal  preponderance  of  OKN  with  upward  slow  phases,  although, 
as  can  be  seen  in  Figure  9,  this  asymmetry  of  OKN  showed  only  for  stimulus  velocities 
over  30*/s.  These  results  demonstrate  that  there  is  no  reason  to  suppose  that  asymmetries  of 
OKN  and  of  illusory  pitch  are  related. 

DISCUSSION 

For  each  type  of  vection  (yaw,  pitch  and  roll)  the  magnitude  of  vection  was  higher 
for  gravity-irrelevant  conditions  than  for  gravity-relevant  conditions.  Wc  conclude  that  the 
gravity  sense  organs  restrain  the  sensations  of  vection.  Vection  was  strongest  for  the  verti¬ 
cal-yaw  condition,  which  makes  sense  because  motion  of  the  visual  world  produced  by 
yaw  is  the  most  common  type  of  visual  motion  that  we  experience.  We  often  rotate  the  ver¬ 
tical  body  full  circle  around  a  vertical  axis  but  rarely  rotate  it  fur  around  the  pitch  or  roll 
axes. 

In  all  conditions  in  which  the  vection  axis  was  vertical,  all  subjects  experienced 
unimpeded  vection  through  a  full  circle  and  in  all  conditions  in  which  the  vcction  axis  was 
horizontal,  subjects  experienced  only  partial  rotation  of  the  body.  Wc  have  thus  not  pro¬ 
duced  any  evidence  tltat  the  factor  of  visual  experience  causes  vection  to  be  confined  to  less 
than  complete  rotation.  However,  an  experience  reported  by  one  subject  is  suggestive.  The 
subject  was  supine  and  looking  at  a  display  moving  around  the  body  axis  (Fig.  lb).  At  first 
he  experienced  a  moderate  degree  of  vcction  associated  with  a  limited  degree  of  sideways 
body  tilt.  After  a  while  the  body  seemed  to  tilt  in  the  direction  of  the  feet,  occasionally 
seeming  to  become  vertical.  When  this  happened  full  unimpeded  vection  was  experienced. 
The  perceptual  system  had  removed  the  paradoxical  experience  of  continuing  self  rotation 
combined  with  limited  tilt  by  'concluding'  that  tlio  body  was  vertical.  No  subject  reported  a 
similar  resolution  of  paradoxical  sensations  in  any  of  tlie  other  conditions,  and  this  could  be 
because  the  condition  in  which  this  resolution  of  the  paradox  was  adopted  was  the  only  one 
which  resulted  in  a  familiar  experience. 

The  mean  magnitude  of  illusory  body  tilt  was  about  24*  at  a  stimulus  velocity  of 
45*/s,  which  is  about  twice  the  magnitude  of  tilt  rcixjrtcd  by  Held  ct  al.  at  that  stimulus  ve¬ 
locity.  But  our  display  filled  the  visual  field,  somesthelic  cues  were  reduced  and  the  subject 
was  primed  to  expect  the  body  to  rotate.  The  largest  illusions  of  body  tilt  occurred  for  most 
subjects  in  the  condition  in  which  they  were  vertical  and  looked  at  a  display  moving  to¬ 
wards  Uieir  feet.  The  mean  value  of  lilt  for  this  condition  was  about  38  degrees,  and  for 
several  subjects  it  often  reached  60  or  90  degrees.  When  screening  subjects  for  the  supple¬ 
mentary  cxixjrimcnt  wc  found  two  people  who  experienced  full  hcad-ovcr-hccls  vcction 
under  these  circumstances.  The  gravity  sensors  do  not  restrain  vection  as  much  as  previous 
evidence  suggested.  If  experiments  like  the  ones  reported  here  were  conducted  under  water 
the  true  contribution  of  the  utricular  organs  to  the  restraint  of  vection  could  be  revealed. 
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Figure  8.  Mean  illusory  body  tilt  for  nine  subjects  under  the  same 
conditions  as  in  Figure  7.  except  for  the  addition  of  a  fixed  30  cm 
frame  in  front  of  the  moving  display. 


Figure  9.  Mean  velocity  of  the  slow  phase  of  vertical  OKN  for 
four  subjects  as  a  function  of  the  velocity  and  direction  of  stimulus 
motion.  The  difference  between  up  and  down  nystagmus  was 
significant  only  for  velocities  above  30 '/  sec. 
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SUMMARY 

In  Experiment  1  we  investigated  the  relative  effectiveness  of  two  superimposed 
displays  in  generating  circular  vection  as  a  function  of  (i)  the  separation  in  depth  between 
them,  (ii)  their  perceived  relative  distances,  and  (iii)  which  display  was  in  tlic  plane  of 
focus.  Ciicularvection  was  found  to  be  governed  by  the  display  that  was  perceived  to  be 
more  distant,  even  when  it  was  actually  nearer.  Vection  was  not  affected  by  whether  the 
near  or  far  display  was  in  the  plane  of  focus,  nor  by  which  display  was  fixated  or  pursued 
by  the  eyes.  In  Experiment  2  wc  asked  whether  the  generally  held  belief  that  vection  is 
induced  most  effectively  by  the  peripheral  stimuli  is  due  to  an  artifactual  effect  of  perceived 
distance.  The  experiment  assessed  the  separate  contributions  of  foreground-background 
and  central-peripheral  placement  of  competing  displays.  It  was  found  that  both  factors 
contribute  in  an  interactive  way  to  the  experience  of  vection.  In  Experiment  3  wc 
investigated  how  linear  forward  vection  induced  by  a  looming  visual  display  is  affected  by 
the  near-far  relationships  of  competing  displays 

EXPERIMENT  1  CIRCULAR  VECTION  AND  THE  RELATIVE  DISTANCE  OF 
COMPETING  DISPLAYS 

Introduction  When  an  upright  stationary  observer  views  a  visual  display  that  rotates 
about  the  mid-body  axis,  the  impression  created  is  that  the  display  is  at  rest  and  the 
observer  is  rotating.  This  illusion  of  self  rotation  is  called  ciicularvection  (1,2).  Natural 
scenes  rarely  rotate  with  respect  to  the  head  unless  the  head  rotates.  Furthermore,  the 
vestibular  system  is  an  unreliable  indicator  of  self  rotation  except  during  and  just  after 
acceleration.  Tliercfore  it  is  not  surprising  that  scene  rotation  is  interpreted  as  self  rotation, 
even  when  the  body  is  not  rotating.  There  is  a  conjunction  of  visual  and  vestibular  inputs 
into  the  vestibular  nuclei  (3)  and  the  parietal  cortex  (4)  which  probably  explains  why  visual 
inputs  can  so  closely  mimic  the  effects  of  vestibular  inputs. 

When  a  person  rotates  in  a  normal  three-dimensional  environment,  stationary  jxirts 
of  the  scene  move  relative  to  the  head.  Since  the  more  distant  parts  of  a  scene  arc  unlikely 
to  rotate  with  the  person,  their  movement  relative  to  the  head  provides  a  more  reliable 
indicator  of  self  rotation  than  does  the  rotation  of  nearer  objects.  It  follows  th.at 
ciicularvection  should  be  related  to  the  motion  of  the  more  distant  of  two  superimposed 
displays.  In  line  with  this  expectation  Brandt  et  al.  (5)  found  that  vection  was  not  affected 
by  a  stationary  object  in  front  of  the  moving  display  but  was  reduced  when  the  object  was 
seen  beyond  the  display.  In  Brandt's  experiment  binocular  disparity  was  the  only  cue  to 
depth  and  the  two  stimuli  differed  in  size.  Furthermore,  there  is  some  doubt  whether  depth 
was  the  crucial  factor  as  opposed  to  the  perceived  foreground-background  relationships  of 
the  competing  stimuli.  Ex^iment  1  was  designed  to  control  for  th^  se  factors. 

Method  There  were  two  visual  displays;  a  background  display  which  filled  the  subject's 
field  of  view  and  rotated  around  the  subject  at  an  angular  velocity  of  30Vs,  and  a 
foreground  display  which  was  stationary.  The  moving  display  consisted  of  randomly 
placed  black  dots  on  the  inside  of  a  translucent  white  vertical  cylinder,  radius  60  cm.  I'hc 
dots  of  the  stationary  display  were  similar  to  those  of  the  moving  display  and  were 


mounted  on  a  transparent  cylinder  just  inside  the  translucent  cylinder.  Both  displays  were 
transillutninated  by  diffuse  white  light  at  a  level  of  40  cd/m^. 

The  subject  sat  at  the  centre  of  the  two  concentric  cylinders  with  die  head  fixed  in  a 
helmet  The  displays  were  viewed  monocularly  with  the  gaze  at  the  centre  of  the  displays. 
The  stationary  display  was  set  in  random  order  at  each  of  four  distances  from  the  subject's 
eye:  36, 44, 52,  and  59  cm.  The  absence  of  binocular  cues  to  depth  allowed  the  perceived 
depth  order  of  the  two  displays  to  reverse  spontaneously,  even  when  they  were  well 
separated  in  depth.  At  each  distance,  subjects  vmn  asked,  in  one  trial,  to  focus  within  the 

ftlane  of  the  display  with  slightly  sharper  dots  (the  near  display)  and,  in  another  trial,  to 
ocus  in  the  plane  of  the  display  with  less  sharp  dots  (the  far  display).  An  instruction  to 
look  at  the  far  or  near  display  would  have  been  ambiguous  because  the  displays  were 
designed  to  reverse  their  apparent  depth  order.  Similarly,  an  instruction  to  look  at  the 
moving  or  stationary  display  would  have  been  ambiguous  because  which  di.splay  ap|)carcd 
to  move  varied  according  to  whether  or  not  the  subject  was  experiencing  vection.  Each  trial 
lasted  about  150  s,  during  which  time  the  subject  was  asked  to  report  two  events.  The  first 
was  the  onset  or  offset  of  vection.  Since  all  subjects  reported  complete  vcction  when 
vection  was  present,  this  report  was  sufficient.  The  second  event  was  any  appuient  reversal 
of  the  depth  order  of  the  two  displays.  Reversal  of  deptli  was  easy  to  notice  because  of  the 
slight  differences  in  appearance  of  the  two  sets  of  dots.  Four  subjects  were  tested. 

Results  A  time  course  of  the  presence  or  absence  of  vection  and  a  time  course  of  changes  in 
apparent  depth  were  obtained  for  each  trial.  All  subjects  showed  similar  trends  and  a  typical 
example  of  the  time  courses  of  these  two  events  is  shown  in  Figure  1.  In  all  cases  vection 
was  experienced  whenever  the  display  that  was  perceived  as  the  more  distant  was  moving 
and  was  never  experienced  whenever  the  display  perceived  as  more  distant  display  was 
stationary.  Changes  in  the  experience  of  vection  were  closely  linked  to  reversals  of 
apparent  depth.  We  derived  a  cross  correlation  function  which  served  as  an  index  of 
coincidence  of  these  two  events,  the  details  of  which  are  given  in  Ohmi  et  al.  (6). 

The  dependance  of  vection  on  the  perceived  relative  depth  of  the  two  displays  was 
not  affected  by  whether  subjects  focused  on  the  moving  display  or  on  the  stationary 
display,  nor  by  changes  in  distance  between  the  two  displays.  When  the  displays  were 
virtually  coplanar,  the  moving  display  seemed  to  slide  over  or  under  the  stationary  display 
and  the  spontaneous  reversal  was  that  of  foreground-background  rather  than  primarily  one 
of  depth.  Vcction  was  perceived  only  when  the  display  lliat  was  perceived  as  background 
was  moving. 


(•) 

Vection 

No  vsetion 
(b) 

Tar“  moves 

'Near'  moves 

0  too  ISO 

Tima  altar  stimulus  onset  (sec) 

Figure  1.  The  time  course  of  (a)  changes  in  the  experience  of  circular  vection  and 
(b)  changes  in  the  perceived  relative  depth  of  the  moving  display  of  one  subject.  The 
background  display  was  CO  cm  and  the  foreground  display  36  cm  from  the  subject.  In  this 
condition  (he  subject  focused  on  the  background  display. 
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_ _ _  :  that  circular  vcction  is  totally  under  the  control  or  whichever  of 

two  similar  displays  is  perceived  as  background.  This  dominance  of  the  background 
display  does  not  depend  on  depth  cues,  because  circularvection  is  dominated  by  a  display 
that  appears  more  distant,  even  when  it  is  nearer.  We  think  that  perceived  distance  is  ati 
incidental  property  of  that  part  of  the  scene  interpreted  as  background.  When  subjects 
focused  on  the  moving  display  optokinetic  pursuit  movements  of  the  eyes  occurred,  and 
when  they  fucused  on  stationary  display,  the  eyes  were  stationary.  But  such  a  change  in 
the  plane  of  focus  had  no  effect  on  whether  or  not  vection  was  experienced,  as  long  as  the 
apparent  depth  order  of  the  two  displays  did  not  change. 

Thus  sensations  of  self  rotation  are  induced  by  those  motion  signals  that  ore  most 
reliably  associated  with  actual  body  rotation,  namely,  the  signals  arising  from  that  part  of 
the  scene  perceived  as  background.  Vection  sensations  arc  not  tied  to  depth  cues,  which 
makes  sense  because  dcptli  cues  can  be  ambiguous,  and  they  arc  not  tied  to  whether  tlic 
eyes  pursue  one  part  of  the  scene  or  another,  which  also  makes  sense  because  it  is 
headcentric  visual  motion  that  indicates  self  motion  and  this  is  just  as  well  detected  by 
retinal  image  motion  as  by  motion  of  the  eyes. 


EXPERIMENT  2  CIRCULARVECTION  AND  THE  CENTRAL  PERIPHERAL  AND 
NEAR-FAR  PLACEMENT  OF  STIMULI. 


Introduction  Braudtet  al.  reported  that  circularvection  is  much  more  cffcclivcly  induced  by 
a  moving  scene  confined  to  the  peripheral  retina  than  by  one  confined  to  the  central  retina 
(7).  In  these  studies,  the  central  retina  was  occluded  by  a  dark  disc  which  may  have 
predisposed  subjects  to  see  the  peripheral  display  as  background  and  it  may  have  been  this 
rather  than  its  peripheral  position  which  caused  it  to  induce  strong  vection.  Similarly,  when 
the  stimulus  was  confmed  to  the  central  retina  subjects  may  have  been  predisposed  to  see  it 
as  a  figure  against  a  ground,  which  may  have  accounted  for  the  small  amount  of  vection 
evoked  by  it.  Experiment  2  was  designed  to  measure  the  separate  and  interactive 
contributions  of  the  factor  of  central  versus  peripheral  placement  and  tlic  factor  of  near 
versus  far  placement  of  competing  stimuli  to  the  generation  of  circularvection. 

Method  The  apparatus  is  depicted  in  Figure  2.  The  subject  was  seated  with  the  head  at  tlie 
center  of  a  1.3  m  diameter  vertical  cylinder  which  could  be  rotated  in  either  direction.  The 
cylinder  was  made  of  white  translucent  plastic  and  its  inner  surface  was  covered  with 
randomly  arranged  black  opaque  dots,  2  cm  in  diameter  and  with  a  mean  density  of  735 
/m2.  The  cylinder  was  transilluminated  at  a  level  of  10  cd/m^.  A  white  transilluminatcd  belt 
containing  a  similar  array  of  black  dots  ran  over  rollers  and  concave  strips  of  plu.stic  so  tliat 
it  looked  like  a  section  of  the  large  cylinder.  This  display  of  dots  was  placed  above  the 
subject's  head  and  reflected  by  a  sheet  of  transparent  plastic  onto  a  matching  black  occluder 
in  the  centre  of  the  large  display.  The  subject  thus  saw  a  28'  square  surrounded  by  the 
large  cylindrical  display.  The  small  display  could  be  moved  so  that  it  appeared  to  be 
suspended  12.S  cm  in  front  of,  in  the  same  plane  as,  or  12.S  cm  beyond  the  peripheral 
display  as  if  seen  through  a  square  hole.  In  some  conditions,  one  or  the  other  of  the 
displays  was  occluded.  Both  displays  moved  at  an  angular  velocity  of  25^/s  across  the 
subject's  field  of  view,  either  in  the  same  direction  or  in  opposite  directions. 

The  stimulus  conditions  are  set  out  in  Table  1.  In  each  trial  subjects  looked  at  the 
center  of  the  display  for  two  minutes  and  reported  the  direction  and  strength  of 
circularvection  by  setting  a  five-position  switch,  with  the  central  position  indicating  no 
vcction.  Tlie  switch  settings  were  digitized  and  recorded  by  a  computer  together  with  a 
record  of  tlie  time  at  which  each  change  of  the  switch  occurred.,  A  value  of  -t-l  was  assigned 
to  full  vection  in  a  direction  opposite  to  the  motion  of  the  visual  display  and  a  value  of  -1  to 
full  vcction  in  the  .same  direction  as  the  display.  Values  of  +0.5  and  -0.5  werc  assigned  to 
intermediute  levels  of  vcction.  When  the  two  parts  of  the  display  moved  in  opposite 
directions,  the  motion  of  the  peripheral  display  was  taken  as  reference.  A  mean  vcction 
score  for  each  trial  was  derived  by  multiplying  the  duration  in  seconds  of  each  constant 
setting  of  the  switch  by  the  value  of  that  setting,  adding  these  sums  over  llic  two-miiiutc 
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period,  and  dividuig  by  120  (the  duration  in  seconds  of  a  trial).  Thus  the  ntean  score  for 
each  t^l  varied  between  -1  and  Trials  were  separated  by  two-minutc  rest  intervals 
during  which  subjects  sat  with  the  lights  on  but  the  displays  staticaiaiy. 

The  order  of  sessions  (center  near,  cr^lanar  and  center  far)  was  counterbalanced 
and  the  order  of  conditions  within  sessions  was  randomized.  Eight  men  and  on*  woman 
between  the  ages  of  23  and  60  years  served  as  subjects.  All  but  three  were  naive  about  the 
nature  of  the  experiment 


Figure  2.  Showing  the  spatial  dispositions  of  the  central  and  peripheral  p.irLs  of 
the  display  used  in  Experiment  2.  The  subject  was  seated  at  the  centre  of  the  cylindrical 
display  and  centered  tlic  gaze  on  Uic  middle  of  tlic  centre  display,  ’I'hc  two  displays  could 
be  moved  in  the  same  or  in  opposite  directions,  or  could  be  blacked  out.  The  cenual 
display  was  reflected  onto  a  matching  black  square  on  the  larger  display. 


Both  parts  of  display  moving 

•  Moving  in  same  direction 

•  Moving  in  different  direction 

Only  one  part  of  display  moving 

•  Centre  stationary  •  surround  moving 

•  Surround  stationary  -  centre  moving 

•  Centre  black  -  surround  moving 

•  Surround  black  •  centre  moving  _ 


Table  1.  Types  of  display  used  in  Experiment  2.  Each  tvpc  of  display  was 
presented  in  random  order  with  the  central  port  nearer  than,  beyond  or  in  the  same  plane  as 
the  surround  part  of  the  display. 


Result^  In  Figurs  3  the  iiKan  vcction  ratings  for  titc  nine  observers  are  plotted  us  u  function 
of  the  relative  distance  of  the  central  display  (near,  coplanar  and  far)  and  the  type  of 
display.  Since  there  was  no  significant  difference  between  vcction  for  leftward  and 
rightward  mov^  displays  the  data  from  the  two  directions  of  motion  were  combined.  The 
displays  in  which  botli  fields  were  moving  in  the  same-direction  elicited  higher  vcction 
ratings  than  the  dismays  in  which  they  were  movine  in  opposite  directions  (means  0.82 
and  0.42;  £CU8)  n  8.30S,  jg  <  .019).  The  direction  of  vection  was  opposite  to  the  motion 
of  the  peripheral  field,  in^ating  that  the  addition  of  the  oppositely  moving  center  reduced 
but  did  not  reverse  vection.  There  was  no  effect  of  centre  depth  in  these  conditions  (E(l  ,8) 
-  .305,  NS). 

The  relative  contributions  of  centre  and  surround  fields  to  vection  can  be  seen  by 
comparing  displays  where  only  the  surround  was  moving  (center-still  and  center-black 
condiUons)  with  displays  where  both  centre  and  surround  were  moving  in  the  same 
direction  (same-direction  condition).  This  comparison  showed  that  if  centre  motion  (in  the 
same  dilution)  was  added  to  surround  motion  then  there  was  no  increase  in  vection 
(EC2>16)«  .383,  NS>  As  expected,  no  effect  of  depth  of  the  centre  was  seen  for  displays 
in  which  only  the  surround  was  moving  (E(2,16) »  .012,  NS). 

The  center-still  and  surround-still  pair  of  conditions  and  the  center-black  and 
surround-black  pair  of  conditions  were  matched  in  all  respects  except  the  location  of  the 
moving  field  (centre  or  surround).  In  both  cases,  vection  was  much  higher  when  the 
moving  field  was  the  surround  (ccntcr-still  rating  .76  vs  sunxiund-still  rating  0.09:  li£l,8) 
=  27.556,  B  <  .001;  center-black  rating  0.79  vs  surround-black  rating  0.32  :  £(1,8)  * 
17.592,  B  <  .003).  If  the  stationary  field  was  visible,  there  was  an  interaction  between  its 
peripheiil-central  location  and  its  depth  (£(2,16 )  =  5.601,  b  <  014).  That  is,  the  pattern 
of  vection  ratings  for  near,  coplanar,  and  far  fields  was  different  for  ccntrc-still  and 
surround-still  conditions.  There  was  no  main  effect  of  Centre  Depth  (£(2,16)  =  3.360, 
NS).  If  the  stationary  field  was  black,  tlie  pattern  of  ratings  for  near,  coplanar.  and  far 
fields  was  the  same  (no  Location  x  Centre  Depth  interaction,  £(2,16)  =  .786,  NS).  There 
was  a  main  effect  of  Depth  of  Centre  (mean  ratings  for  near,  coplanar,  far:  0.59,  0.48, 
0.60:  £(2,16)  =  3.773,  b  <  .044).  Thus,  if  a  stationary  field  was  black,  then  less  vcction 
was  obtained  for  coplanar  centers  than  for  near  or  far  centers. 
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Same  Opposite  Centre  Centre  Surround  Surround 

Motion  Motion  Still  Black  Still  Black 


Figure  3.  Mean  vcction  ratings  of  nine  subjects  plotted  as  a  function  of  the 
relative  depth  between  the  central  and  peripheral  parts  of  tiic  display  and  the  type  of 
display.  A  vection  rating  of  I.O  signifies  full  vection  in  a  direction  opposite  to  the 
motion  of  the  display.  When  the  two  parts  of  the  display  moved  in  opposite  directions, 
the  motion  of  the  perip'-aral  part  was  taken  as  reference.  The  error  bats  are  standard  errors 
of  tlie  mean. 
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The  final  comparison  of  interest  was  that  between  displays  with  moving  centers  and 
either  sUU  (visible)  or  black  sunounds.  In  the  surround-black  conditions,  tltere  were  no 
dis^tfiiy  cues  when  the  central  Held  was  near,  only  when  it  was  far.  Vection  ratings  were 
lower  in  the  surround-still  than  in  the  surround-black  condition  (mean  rating  0.09  vs  0.32; 
£(1,8)«  10.019,  n  <  .013).  There  was  no  main  effect  of  Depth  of  Centre  (£(2,16)  * 
3.463,  NS),  but  there  was  a  significant  interaction  between  Surround  Type  and  Centre 
Depth  (£C2,16)  ■  9.237,  jt  <  .002).  Thus  the  pattern  of  ratings  for  near,  coplanar  and  far 
Helds  was  dineretn  for  still  surrounds  and  black  surrounds  (as  is  plainly  visible  from 
Figure  3).  The  pattern  for  surround-still  was  the  more  interesting.  If  the  center  was 
moving  and  the  surround  was  still  but  visible,  little  vection  was  obtained  except  when  the 
moving  field  was  further  away  than  the  surround. 

Discussion  This  experiment  has  confirmed  that,  all  things  being  et^ual,  vection  is  driven 
better  by  peripheral  stimuli  than  by  central  stimuli.  Indeed  it  is  driven  just  as  well  by  a 
moving  p^pheral  display  with  the  centre  black  xx  visible  and  stationaiy  as  it  is  by  a  full- 
field  di^ay.  However,  if  the  centre  of  the  display  is  moving  in  a  direction  opposite  to  that 
of  the  peripheral  port  then  vection  is  reduced.  Thus  a  moving  central  display  can  weaken 
the  effect  of  a  moving  p^ipheral  display  but  not  to  the  extent  of  reversing  vection.  If  the 
peripheral  part  of  the  display  is  visible  but  stationaiv  then  the  dircetion  of  vection  is 
determined  by  the  central  part  of  the  display  but  only  if  the  moving  centi-al  field  is  farther 
away  than  the  sunound.  This  result  is  understandable  when  we  realise  that  tin's  sort  of 
stimulation  is  produced,  for  example,  when  an  observer  looks  out  the  window  of  a  moving 
vehicle.  The  moving  field  seen  through  the  window  indicates  that  the  viewer  is  moving 
alon^  with  the  part  of  the  scene  surrounding  tlie  window.  When  the  surround  is  black,  the 
relative  distance  of  the  moving  central  display  has  little  or  no  effect.  The  reason  for  this  is 
probably  that  a  central  display  in  front  of  a  black  surround  provides  virtually  no  cues  to  its 
location  in  depth  and  subjects  ate  at  liberty  to  perceive  it  as  being  beyond  the  surrounding 
black  display. 

EXPERIMENT  3  ILLUSORY  FORWARD  MOTION  AND  THE  RELATIVE 
PLACEMENT  OF  STIMULI 

A  looming,  or  radially  expanding,  display  in  the  frontal  plane  induces  forward 
vection  -  an  illusory  sensation  of  forward  motion  of  the  body  along  the  line  of  sight  (7,8). 
In  Experiment  3  we  examined  whether  forward  linear  vection,  like  circularvection,  is 
governed  by  tlic  display  |x:rccivcd  to  be  in  thu  background. 

Method  A  microcomputer  was  programmed  to  produce  a  looming  display  of  64  randomly 
distributed  dots  on  an  oscilloscope  screen.  The  radial  movement  of  each  dot  simulated  the 
movement  of  a  dot  approaching  the  subject  at  constant  velocity  aion^  a  path  parallel  to  the 
visual  axis.  The  display  was  p;'esentcd  sequentially  to  give  a  sensation  of  a  continuously 
approaching  display  of  dots  which  induced  a  sensation  of  forward  motion  of  the  self 
through  a  tunnel  of  dots  towards  a  distant  focal  point. 

A  display  of  512  randomly  distributed  stationary  dots  was  supcrim|x>scd  on  tlic 
display  of  looming  dots  on  cacli  of  two  oscilloscope  screens  viewed  through  mirrors  to 
form  a  stereoscope.  The  stationary  display  on  one  oscilloscope  was  shifted  laterally  to  give 
a  disparity  of  ±  90  min  of  arc  between  the  looming  display  and  the  stationary  display.  Thus 
the  stationary  display  could  be  plticcd  stcrcoscopically  either  bc-yond  or  nearer  tlian  tlic 
moving  display.  I'hc  radius  of  tlic  combined  display  was  20*  of  visual  angle. 

There  were  three  conditions;  (i)  only  the  looming  display  was  presented,  (ii)  the 
stationary  display  was  presented  nearer  than  the  looming  display  and  (iii)  the  statiorn^ 
display  was  presented  beyond  the  looming  display.  Subjects  viewed  the  displays  for  1  min 
while  continuously  estimating  the  strength  of  forward  vection  by  moving  a  lever  connected 
to  the  microcomputer. 

In  another  condition  of  the  experiment  a  similar  display  was  used  but  binocular 
disparity  cues  were  eliminated,  leaving  the  subject  free  to  perceive  one  or  other  of  the 
suf^rimposed  displays  as  more  distant  Tlie  subject  was  required  to  report  the  strength  of 
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vcction  as  well  as  any  spontaneous  reversals  of  depth  order  between  the  two  displays. 
Tliree  adults,  who  had  experience  circular  vection  and  had  normal  cyc&iglu,  served  as 
subjects. 

Results  Responses  of  subjects  were  digitised  in  three  levels  and  then  avemged  over  the  1 
min  trial  period.  As  all  subjects  shov^  similar  trends,  die  strengths  of  fc^ ward  vection 
avenged  across  subjects  for  the  three  conditions  in  which  binocular  cues  were  present  are 
shown  in  Figure  4.  When  the  display  of  staUonaiy  dots  was  presented  in  front  of  the 
disfday  of  looming  dots,  the  strength  of  forward  vection  was  the  same  as  when  only  the 
looming  display  was  presented.  On  the  other  hand,  when  the  stotionary  display  was 
iwsen!^  beyond  the  looming  ^splay  the  strength  of  forward  vection  was  reduced  to  about 
20  %  of  its  value  when  there  was  no  stationary  display.  A  two-way  analysis  of  variance 
confirmed  that  the  elTcct  of  Condition  was  statistically  significant  |F(2,8)  =  12.50,  p  < 
.02].  The  results  of  this  experiment  are  consistent  with  those  of  Experiment  1  for  circular 
vection,  and  indicate  that,  as  before,  the  background  display  controls  vection.  However, 
whereas  circular  vection  was  totally  suppressed  for  all  subjects  when  the  background  dis¬ 
play  was  stationary  there  was  some  residual  forward  vcction  under  these  conditions. 

In  the  conditions  in  which  binocular  cues  were  not  present,  responses  of  subjects 
were  digitized  in  three  levels  and  then  averaged  separately  for  the  time  periods  during 
which  tlie  stationary  displays  appeared  to  be  in  front  of  the  looming  display  and  for  the  time 
periods  when  the  stationary  displays  appeared  to  be  beyond  the  UH)ining  display.  All 
subjects  showed  similar  trends.  The  stationary  display  did  not  significuntly  suppress 
forward  vcction  when  it  appeared  in  front  of  the  looming  display.  When  the  stationary 
display  appeared  beyond  the  looming  display,  the  strength  of  forward  vection  was  reduced 
to  about  40  %  of  its  strength  when  only  the  looming  display  was  presented.  Although  this 
reduction  was  smaller  than  when  binocular  cues  were  present,  a  three-way  analysis  of 
variance  confirmed  that  the  effect  of  Apparent  Depth  Order  (in  froni-beyond)  was 
statistically  significant  [F(l,71)  =  197.62,  p  <  .001]. 


c 


in  front  behind 


Figure  4,  Mean  strength  of  forward  vection  when  the  looming  di.splay  was 
presented  alone,  and  when  the  stationary  display  was  presented  nearer  than  the  looming 
display  or  beyond  tlie  looming  diiiplay.  Vertical  bars  are  standard  errors  of  tlie  nK-an. 
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Conclusioti  We  conclude  that  whi^n  a  display  of  stationary  dots  is  superimposed  on  a 
di.  ^lay  of  looming  dots,  forward  vcction  is  to  a  large  extent  controlicd  by  the  display 
which  is  -Tiore  distant  or  which  appears  more  distant.  Subjects  interpret  a  stationary  display 
nearer  than  aiooming  display  as  moving  forward  with  them  like  a  dirty  windshield  in  a  car. 
In  this  respect  torward  and  circular  vection  are  ^like.  For  forward  vcction  this  is  the  only 
reasonable  interpretation  for  subjects,  because  if  subjects  regard  a  stationary  display  in 
front  of  a  looming  display  as  fixed  in  space,  it  will  eventually  hit  subjects  if  they  feel 
forward  vection  or  hit  the  approaching  display  if  they  do  not  feel  forward  vection.  On  the 
other  hand,  although  circularvection  was  completely  inhibited  when  the  background  display 
was  stationary  there  was  still  weak  foiward  vection  with  a  stationary  background  display. 
This  difference  makes  sense  because,  for  forward  body  motion,  the  image  of  a  distant 
scene  Is  virtually  stationary  whereas,  for  circular  body  motion,  it  is  not 
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cue  fOK  TKJumNO  vatnao,  movxoziR  soaoMnoRB  foi  m  mamoimur  or  sunusn 
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Cllnloal  experience  with  eserolse  treataent  for  vertigo  has  confimed  the  extreme 
adaptlbility  of  the  balance  aystes  (6,7.S«9).  Vestibular  Habituation  Training 
(V.H.T. )  for  provoked  (positioning)  vertigo  provides  sons  interesting  cues  in  the 
scope  of  the  theme  of  this  meeting,  related  to  simulator  sickness. 

For  a  good  understanding  of  the  problem,  some  fundamental  notions  have  to  be 
precised . 

VERTIOO  is  a  subjective  sensation,  caused  by  and  resulting  from  a  dysfunctional  state 
of  the  balance  eyatea.  Dysfunction  beconea  conscious,  whereas  normal  functioning 
resMlna  unconscious.  Vertigo  is  comparable  with  the  different  kinds  of  notion 
sioknesa,  because  of  the  similarities  in  the  pathogenesis  of  both  manifestations 
(10).  Simulator  slclcness  can  be  categorised  under  motion  sickness. 

Ha  would  like  to  emphasise  some  cues  of  the  treatment  we  have  used  for  more  than  10 
years  in  sone  types  of  vertigo.  He  present  them  to  the  experts  as  a  material  for 
Information  and  consideration. 

As  vertigo  is  tne  result  of  dysfunction  in  balance,  a  clear  definition  of  the  balance 
syetam  la  neceaeary. 

Balance  conalste  in  a  complex  sensor  1-motor  system,  which  serves  two  goals  (1J)  :  1/ 
the  stabilisation  of  the  visual  field  and  2/  the  maintenance  of  the  erect  ‘standing 
position. 

Those  goals  are  achieved  by  appropriated  reflexes,  elaborated  by  the  canters  of  the 
bralr^tam.  To  this  aim  the  centers  are  Informed  about  changes  in  spatial  orientation 
by  three  sansorsi  vision,  vestibular  and  proprioceptive  systems. 

The  centers  also  dispose  of  adaptive  possibilities,  which  are  the  basis  of  exercise 
treatment  (6,8,9). 

The  dysfunction  osuslng  vertigo  may  be  aituated  in  the  balance  eystem  at  the 
peripheral  sensory  level  or  at  the  level  of  the  centers.  Exercise  treatment  concerns 
peripheral  vertigo,  which  is  the  result  of  a  sensory  mismatch. 

Each  situation  of  spatial  relationship  and  each  change  in  this  situation  have  to  be 
signalled  to  the  centers.  In  rest  as  well  as  during  movement.  Tiie  incoming  sensory 
pattern  is  a  "known"  one,  compared  with  former  experience  (reference  pattern). 
Correspondance  with  the  expected  pattern  allows  normal  and  automatic  procedure  for 
elaborating  the  adequate  reflexes. 

If  one  sensor  la  disturbed,  the  resulting  Input  is  changed  and  gets  opposed  to  the 
one  of  the  other  sensors  and  a  sensory  mismatch  results.  Automatic  procedure  is  no 
more  possible  and  the  situation  becomes  conscious  as  "vertigo".  It  Is  accompanied  by 
panic,  whereas  at  the  same  time  there  is  an  overflow  to  the  neurovegetatlve  centers. 


Two  types  of  peripheral  vertigo  can  be  distinguished:  1/  spontaneous  vertigo  which  is 
the  result  of  a  dysfunction  causing  a  lasting  sensory  mismatch  in  the  situation  of 
rest  as  well  as  when  moving.  It  is  the  result  of  a  disturbance  affecting  the 
vestibular  system  for  a  short  or  long  time.  2/  provoked  vertigo  occurs  only  by  moving 
and  here  a  persistent  dysfunctional  state  becomes  only  manifest  (l.e.  causing  a 
sensory  mismatch)  when  the  system  has  to  signal  change  In  spatial  relationship.  The 
vertigo  la  limited,  shortlastlng  and  can  also  be  elicited  deliberately  (6,7). 


The  tralanca  system  disposes  of  adaptive  meclianlams  which  have  been  studied 
intensively  (1,3,4)  and  which  conatitute  the  basis  upon  which  the  exercise  treatment 
is  founded  (6,6,9).  Thess  adaptive  mechanisms  belong  to  the  central  processing. 


According  to  the  data  which  are  provided  by  these  studies  and  which  are  also 
resulting  from  the  experiences  gathered  by  daily  application,  following  requirements 
can  lie  put  forwardl  for  exercise  treatment. 

The  vertigo  that  can  )9e  treated  by  exercises  Is  a  peripheral  vertigo.  This  means  that 
the  dysfunction  has  its  origins  at  the  level  of  the  sensory  input,  causing  a  sensory 
mismatch.  It  is  a  vestibular  vertigo,  l.e.  the  dysfunction  Is  located  in  the 
vestibular  sensor.  As  exercise  treatment  appeals  to  the  adaptive  meohanlsms  of  the 
centers,  central  dlstur)»ance  is  a  countra-lndicatlon  for  exercise  treatment. 

The  vertigo  has  to  be  produced  by  a  non-fluctuant,  steady  state  of  dysfunction  In  the 
vestibular  system  (9).  This  limits  the  application  to  "provo)cad  vertigo".  This 
vertigo  results  from  the  working  situation  of  the  system:  l.e.  when  movements, 
changes  of  position  have  to  be  Informed  to  the  centers.  In  rest  the  situation  is 
normal  or  normalised. 
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■xpaclMnta  hava  ahown  that  tha  rapaatad  axpoaura  of  tha  whola  ayaten  to  tha 
condition  producing  tha  aanaory  aiaawtch  la  tha  vary  atimulua  favoring  the 
dovalopaant  of  adaptation  (3,4).  It  la  an  arror-controllad  procaaa.  It  can  ba 
conceived  aa  a  pattern  rabuildlng  (6). 

Habituation,  atudlad  In  tha  field  of  tha  vaatlbular  functioning,  furnlahad  tha  main 
charactarlatica  of  thla  adaptatloni  raaponaa  decline  of  tha  diaabllng  affect, 
apaciflclty  and  retention  of  tha  affect  (2,5). 

In  thla  way  tha  axarclaaa  have  to  ba  aalaotad  Individually. 

It 'la  tha  prograaalve  davalopnant  of  adaptation  and  the  apaciflclty  of  tha  raaultlng 
adaptation,  that  are  tha  fundamental  raaaona  for  which  tha  peripheral  dyafunctlon  haa 
to  ba  atabla. 

Prograaalve  devalopaant  can  hardly  ba  achieved  whan  tha  underlying  dyafunctlon  la 
alwaya  changing.  Tha  habituation  affaot  la  atriotly  Halted  to  tha  type  of  atimulua 
ucad  and  when  tha  dyafunctlon  la  labile  end  changing,  tha  Incoming  atimulua  pattern 
la  changing  and  cannot  bring  about  a  aufflclant  habituation  affect. 

Thaae  charactarlatica  have  baan  confirmed  In  tha  clinical  application  of  V.H.T.  The 
axparlanoa  in  patlenta  ahowa  the  prograaalve  raductlon  of  th?  number  of  poaltlve 
caaea  during  therapy  ( table  1 ) .  Bach  caaa  la  teated  for  provoked  vertigo  and  a  acora 
la  computed.  Alao  the  prograaalve  raductlon  of  the  naan  of  tha  acoraa  of  tha  caaea 


still  positive  at  each  step  allows 
Progreaslve  evolution  la  obvious. 

to 

follow  the  aegraa  of  provoked  vertigo 

Table  1 . 

Evolution  during  VHT 

treatment 

Examination  no 

1  2 

3 

B 

n  of  posit  caaea 

40  29 

14 

3 

mean  of  the  scores 

105  47 

43 

9 

ex  no  1 :  after  one  week;  2:  after  two  weeka,  3:  after  three  weeks.  E:  endevaluatlon 
after  6  weeka. 

poaltlve  caaa  ahowa  at  leant  one  maneuvre  positive  at  tha  teat-battary 
mean  of  the  acorea  at  the  VHT-teatbattary  for  the  caaea  atlll  poaltlve. 


The  specificity  of  the  positive  maneuvres  Is  also  confirmed  by  the  clinical 
axparlenca.  The  19  N  of  the  test-battery  were  subdivided  in  groups  recording  to  the 
direction  of  the  eliciting  maneuvre.  It  la  clear  that  each  patient  has  an  individual 
pattern  of  positive  maneuvres,  as  la  illustrated  In  table  2. 


Table  2.  Specificity  of  the  positive  maneuvres. 

Of  the  19  maneuvres  :  12  can  ba  positive  with  (H>Ny+)  or  without  nystagmus  (H+Ny-) 
7  never  show  nystagmus  (M-fNy-) 

The  positive  H^My-t’  belong  to  one  or  more  subdivisions 

All  Nt  belong  to  only  one  subdivision  n«17 
N  to  the  right  (series  I/R):  naS 
N  to  the  left  (aeries  I/L):  naS 

The  belong  to  two  subdivisions  na1 6 
I/R-t-I/L:  na3 
I/R+I/Nl:  na9 
I/L'fl/Hl:  na4 

The  N+  belong  to  the  three  subdivisions  na7 


Sham  exercises,  l.e.  movamants  not  provoking  vertigo,  avoidance  therapy, 
non-treatment  give  a  significant  leas  effect.  This  proves  that  the  repeated  exposure 
of  the  patient  to  tha  positive  maneuvrea  is  the  only  ufflciant  wav  for  treatment 
(table  3). 

These  data  confirm  t)iat  t 

-  habituation  effect  is  possible  for  provoked  vertigo 

-  the  course  of  the  therapeutic  affect  corresponds  with  the  assumptions  and  shows  the 
typical  characteristics 


I 
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-  Um  iipMlCletty  of  tho  habituation  affaat«  hara  tha  tharapautlc  affact,  Ilnkad  to 
tha  provoklnv  aanauvra  la  olaarly  ahown. 


TABLi  3.  caacK  roa  vrxoci  or  var. 

Raductioa  vnt  aooraa  i  loot  *75%  75*25%  -25% 


A.  Group  Ct  Normally  4  10  6 

traatad  caaaa  (N>20) 

B.  Group  Dt  traatad  'by  0  19 

ahaa  axarciaaa  (Nb20) 


0 

10 


C.  Group  Bs  non-  1  3  lO  14 

traatad  caaaa  (Ha38) 

Bvaluatlon  of  tha  raaulta  aftar  two  waaka  of  axarclaos  for  groups  C  and  D,  aftar  at 
laaat  two  waaka  for  B. 


Thaae  ara  tha  baalc  axpartancaa  In  VHT  traatmant,  which  wo  aataam  to  be  Interaatlng. 


Nhlch  la  now  tha  LINK  TO  SIMULATOR  SICKNESS  ? 

Firat  of  all  wa  would  Ilka  to  aaphaalaa  that  wa  don't  naan  that  thaaa  persona  sutfar 
of  vartlgo.  Tha  disabling  aanaatlon,  called  motion  sickness,  means  only  a  disturbance 
similar  to  vartlgo  (10). 

In  both,  tha  sensory  observation  of  the  environment  by  the  three  aenaors  resulta  In  a 
sanaory  mlaamtch.  In  vertigo  It  is  one  of  the  sensors  that  works  In  a  wrong  way  and 
in  motion  alcknaaa  It  la  an  unusual  presentation  cf  the  environment  structure  that 
causes  the  mismatch. 

Provoked  vartlgo  as  wall  as  motion  alcHnaaa  is  linked  to  actual  working  of  the 
system.  In  both  situations  the  oystam  has  to  work  up  changing  relationships:  in  the 
provoked  vertigo  the  changing  situation  has  no  contradiction  in  se  related  to  a 
normal  working  schedule  of  tha  system,  whereas  It  has  In  motion  sickness. 

In  both  cases  It  must  be  possible  to  re-organise  tha  effect  of  the  changed  sensory 
Input  by  eantral  adaptation. 

Our  clinical  experience  confirmed  It:  repeated  exposure  to  the  mismatch  Is  the  very 
stimulus  and  has  a  positive  effect  In  provoked  vertigo.  Persons  with  motion  sickness 
can  be  habituated  In  the  same  way  as  we  observe  It  for  our  patients  with  provoked 
vertigo:  l.e.  progressively  by  exposure  and  specifically,  related  to  the  stimulus 
pattern  of  the  exposure  (10). 

However  the  characteristics,  especially  the  specificity  of  the  effect,  lead  to  an 
Important  remark  related  to  simulator  sickness: 

Adaptation  is  very  specific,  which  means  that  only  the  situation  to  which  the  system 
Is  exposed  gats  adapted  with  exclusion  of  the  other  similar  situations.  Ne  saw  this 
specificity  effect  confirmed  In  our  patients.  So  far  as  and  as  much  as  the  sensory 
pattern  in  the  simulator  Is  different  from  the  sensory  pattern  experienced  in  real 
flight,  adaptation  to  the  simulator  condition  may  cause  trouble  in  the  flight 
condition.  Both  have  to  be  Identical  or  ressemblant  as  near  as  possible. 

Tho  only  valuable  advise  Is  to  reduce  sensory  mismatch  as  much  as  possible  and  to 
approach  the  situation  of  flight  as  much  as  possible. 
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DISCUSSION 

GUEDBY ;  Thank  you  for  your  vary  Interaating  preaantatlon .  Your  work  pertains  to  the 
situation  aentionad  by  Banson  in  which  the  sensory  raarrangenent  results  froa  the 
aadical  state  of  the  subject.  I  would  like  to  coanent  on  work  in  various  labatorias  in 
the  United  States  and  other  countries,  indicating  that  several  different  procedures  can 
be  used  to  provide  a  acre  general  adaptation  to  various  provocative  action  conditions. 

I  do  not  mean  to  imply,  however,  that  these  other  procedures  would  necessarily  be  appro¬ 
priate  for  the  categories  of  patients  in  your  study. 

VIOLETTEi  Coaaenta  (in  French)  could  not  be  translated  due  to  technical  difficulty. 
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SUMNABT 

An  affort  to  davolop  prafligkt  adaptation  tratnias  (PAT)  apparatua  and  prooaduraa 
to  adapt  aatronauta  to  tha  atlaulua  raarransaaant  of  Nolshtlaaa  apaoefllsht  Is  bains 
purauad.  Baaad  on  tha  otolith  tilt-xranalation  raintarpratation  nodal  of  sanaory  adap¬ 
tation  to  Hoishtloaanaaai  two  prototype  praflight  adaptation  trainara  (PAT)  hava  bean 
devaloped.  Tltaae  trainara  oouple  pitch  aovenant  of  tha  aubjaot  with  tranalation  of  the 
viaual  aurround,  Subjaota  ware  axpoaad  to  thia  atinulua  raarransaaant  or  to  a  oontrol 
condition  of  no  raarransaaant  for  parloda  of  30  a.  Tha  hypotUaaia  that  axpoaura  to  tha 
rearranseaant  would  attenuate  vortical  aye  aovaaanta  waa  aupportad  by  two  axpariaenta 
uainS  tha  Miaai  Univaraity  Saaaaw  (HUS)  PAT  prototype.  Tha  Dynaalo  Bnvironaant  Simula¬ 
tor  (DIS)  prototype  failed  to  aupport  thia  hypothaaia;  this  raault  ia  attributed  to  a 
peouliarity  of  tha  DBS  apparatus.  A  final  expariaant  deaonstrntad  that  ohansas  in  var- 
tioal  oya  aovaaanta  were  not  a  oonaequenoe  of  fixation  on  an  external  target  during 
axpoaura  to  a  oontrol  condition.  Together  thane  exparinants  aupport  the  view  that  pra¬ 
flight  adaptation  training  can  altar  aya  aovenanta  in  a  Banner  oonaistant  with  adapta¬ 
tion  to  waightlaaanaaa. 

Following  theaa  initial  atudiea>  conoapta  for  davelopaant  of  operational  preflight 
trainara  vara  proposed.  The  trainers  are  intended  to:  danonntrata  tha  atinulua  rear- 
rangaaant  of  waightlasaness;  allow  astronauts  to  train  in  altered  sensory  anvironnant! 
aodify  sensory  motor  reflexes;  and  raduce/ellminate  space  motion  sickness  symptoma. 


INTBODUCTIOH 

Current  estimates  suggest  that  about  SOX  of  tha  shuttle  astronauts  experience 
space  notion  aiokneaa  (SHS)  during  the  Initial  24-72  hours  of  orbital  flight.  Symptoms 
range  from  lethargy  to  voaitlngi  loading  to  reduoed  performance  effioianoy  and  sense  of 
well-being.  Further,  the  oonaequenoes  of  vomiting  during  extravehicular  activity  are 
potentially  serious  (1). 

It  has  been  noted  that  welghtleaanesa  rearranges  tha  relationships  among  aignals 
from  visual,  akin,  joint,  and  vestibular  reoaptora.  Congruence  between  vestibular  sig¬ 
nals  and  those  from  other  receptors  as  wall  as  between  the  vestibular  otolith  and  saml- 
oircular  canal  receptors  la  disrupted  by  the  absence  of  gravity.  This  lack  of  congru¬ 
ence  between  aensory  signals  leads  to  sensory  conflict,  which  appears  to  be  the  basic 
meohanisB  underlying  apace  motion  sickness  (2). 

People  adapt  to  stimulus  rearrangements.  For  example,  adaptation  to  the  stimulua 
rearrangement  produced  by  priana  is  revealed  by  motor  responses,  such  as  eye  movementa. 
as  well  as  by  sensory  reactions,  such  as  self-motion  perception  (3.4.8).  Analogous 
changes  are  seen  during  adaptation  to  weightlessness,  when  relationships  between 
visual,  vestibular,  and  somatosensory  aignals  are  altered.  Adaptation  is  indicated  by 
reduoed  subjective  disturbance  to  voluntary  motion  after  24  to  72  hours  of  orbital 
flight,  as  well  as  by  perceptual  and  physiological  reflex  changes  noted  during  flight, 
reentry  and  immediately  after  landing  ( 2 ) . 

SMS  can  be  viewed  as  a  aide  effect  of  adaptation  to  weightlessness.  The  adapta¬ 
tion  process  occurs  as  the  result  of  sensory  compensation  and/or  aenaory  reinterpreta¬ 
tion.  Sanaory  oompenaatlon  occurs  when  tho  signal  from  one  type  of  receptor  is  attenu¬ 
ated  and  signals  from  otlier  receptors  are  augmented.  In  the  abaonoe  of  an  appropriate 
gravloeptor  signal  in  weightleasneaa,  information  from  other  apatlal  orientation  recep¬ 
tors,  such  as  the  eyas,  tha  vestibular  semioiroular  oansj.s,  and  the  neck  position 
receptors,  can  be  used  by  astronauts  to  maintain  spatial  orientation  and  moveaant  oon¬ 
trol.  Alternatively,  signals  from  graviceptors  nay  be  reinterpreted  by  tha  brain.  On 
Earth,  information  from  graviceptors  is  interpreted  by  the  brain  as  linear  motion 
(translation)  or  tilt  with  respect  to  gravity.  Because  stimulation  from  gravity  is 
absent  during  orbital  flight,  interpretation  of  tho  gravloeptor  aignals  as  tilt  is 
meaningless.  Therefore,  durln*;  adaptation  to  welghtlesensas,  the  brain  relnterpreta 
all  gravloeptor  output  to  indicate  translation.  This  is  the  otolith  tilt-tranalstlon 
reinterpretation  (OTTR)  hypothesis  (1). 


PmtIoim  BaaaMOh 


Raaulta  from  aavaral  axparlaanta  with  tha  PA¥  prototjpa  tralnara  hava  baan 
raiwriad  pravloualr*  Ona  axparlaaat  (4)  axaalnad  tha  aaplltuda  of  horiaontal  ajra  aeva- 
aanta  alleitad  bp  roll  atlaulatloa  aa  a  ooaaaquanoa  of  axpoaura  to  tha  PAT  atlaulua 
raarraniaaant .  Tha  lariaat  ehanpo  in  aya  novaa*nt  aaplltoda  waa  found  whan  tha  aubjaot 
raeatvad  both  viaual  and  taottla  stlmlatlon  during  axpoaura  to  tha  raarraogaaant.  A 
aaoond  axparlnant  (T)  indioatad  that  tha  ara  aovaaant  obangas  produoad  by  30>a  axpo- 
auraa  to  tha  atiaulua  raarrangaaont  paraiatad  bajond  the  training  pariod.  Attaapta  to 
raplioata  tha  findinga  of  tha  initial  axparinaata  with  a  diffarant  prototfpa  trainar 
wara  unauooaaaf ul ;  hovavari  it  waa  found  that  aga  aovaaant  raaponaaa  oould  ba  altared 
bjr  aanipulation  of  tha  phaaa  ralationahip  batwaaa  roll  notion  of  tha  nubjaot  and  viaual 
aurround  traaalatioa.  Finally ■  tha  affaota  of  axpoaura  to  a  PAT  atiaulua  raarrnageaant 
ooadition  aaaooiatad  with  inoranaad  ratinal  alip  varaua  ona  aaaooiatad  with  raduoad 
ratiaal  alip  wara  axaalnad  (8).  Ho  difforaacoa  in  horiaontal  aya  aovanant  aaplitudaa 
aa  a  oonaaquanoa  of  thla  manipulation  wara  obaarvad. 

Thaaa  pralininary  obaarvationa  indioatad  tha.naad  for  furthar  axparinontation  to 
aluoidata  tha  apaoifio  phyaiologioa.l  and  paroaptual  raaponaaa  to  tha  atiaulua  raar- 
rangaaant  produoad  by  thaaa  trainara. 

Rypotboaaa 

Bafora  undartaking  tha  exparinanta  daaoribad  in  thla  papari  wa  poatulatad  that 
vartloal  aya  aovaaant  aaplltuda  would  ba  raduoad  following  axpoaura  to  tha  PAT  atiaulua 
^aarrangoMnt  aa  ooaparad  to  a  control  condition  of  no  atiaulua  raarrangaaant.  Thla 
hypothaaia  wax  baaad  on  tha  OTTR  nodal  of  aanaory-aotor  adaptation  to  walghtlaaanaaa. 

Tha  OTTK  nodal  auggaata  that  otolith  algnala  normally  nay  ha  intarpratad  aa  althar 
tilt  or  aa  tranalatlon.  During  PAT  axpoauroi  the  tranalation  intarpratation  la  faolll- 
tatad  and  tha  tilt  interprotatlun  la  rapraaaed.  If  tha  training  la  ouooaaaful  and  the 
tranalation  intarpratation  paraiata  following  tha  axpoaura >  tha  tralnaa  ahould  paroeiva 
laaa  tilt  and  graatar  tranalation  during  real  pltoh  atlnulation  following  tha  training 
than  prior  to  it.  Furthar,  diainiahad  oonpanaatory  vartloal  aya  novanonta  ahould  ba 
obaarvad . 

Baaaa  for  thaaa  pradlotlona  are  llluatratad  in  Fig.  1,  whioh  ahowa  tha  aya  aova- 
nont  required  to  aaintain  gaae  on  an  laaginad  floor-fixed  target,  Z,  during  forward, 
pitflh.  Figure  1-A  llluatrataa  hypothaalaad  raduoad  tilt  aalf-aotlon  perception  follow¬ 
ing  training.  Note  that  tha  head  in  tha  POST-PAT  panel  la  tiltad  forward  leaa  than  in 
tha  PKI-PAT  panel.  Thia  la  intended  to  rcpraaant  tha  aubjaot’a  paroeivad  tilt,  nut  the 
real  tilt.  If  thia  wara  oorreot,  aaallar  vartloal  eye  aovaaanta  would  be  required  to 
naintain  gaaa  on  the  inaglnary  floor-fixed  target  after  PAT  training. 


A 


Fig.  1.  1-A:  It  ia  hypothaalaad  that  PAT  training  oould  raault  in  raduoad  peroalved 
pitoh  aaplltuda.  If  thia  la  oorraot,  aaallar  vartloal  aya  aovaaanta  would  ba  required 
to  aaintain  gaaa  on  aa  iaaglaary  floor-fixed  target.  1-B;  It  ia  hypothaalaad  that  PAT 
training  oould  reault  in  a  tranalatlonal  notion  aftaraffoot  and  that  0*  PAT  training 
would  raault  in  backward  tranalation  during  forward  pitoh  whlla  180*  PAT  training  would 
produce  forward  tranalation  during  forward  pitoh.  Tbo  oonaaquanow  of  tranalatlonal 
notion  aftareffaota  would  ba  deoranai 1  vartloal  aya  aovaaant  aaplltuda  following  0*  PAT 
and  inoraaaad  amplitude  after  180*  PAT. 


Flgura  !-■  llluatratas  h]r|Mth**lae<i  ay*  aovaaaat  ohaniaa  aa  a  oonaa^uanoa  of  a 
tranalatioB  aftaraffaoti  If  tranalatlonal  aalf-aotlon  paroeptlon  wera  Inoraaaad  fol- 
loaiBt  tr»inlnfl,  tKara  would  ba  do  ohanda  id  tha  aubjaot'a  paroaptloD  of  tlltt  raahat>i 
paroatvad  dlatODOa  to  tba  laMlDory  tartat  would  ba  altarad.  Tha  paroaivart  diataaoa  to 
tha  iaatiMPy  tartat  bafora  tralDlDg  la  iDdloatad  bp  tha  dottad  Itaa,  A.  tollowlai  a 
Hkt  tralDlat  ooadltloD  that  oorralataa  forward  pitoh  with  forward  traaalatloni  tha  par- 
oaivad  diataaoa >  B,  to  tha  taailDary  tartat  would  ba  daoraaaod.  Ad  cppoalta  affaot 
ahould  ba  aaaoolatad  with  tha  ooDditloa  whara  foiward  pitoh  la  oorralatad  with  backward 
traaalatlOD.  CoDiaiiuaDtly.  tha  aaplituda  of  tha  vartloal  aovaaant  raquirad  to  aalotaln 
laaa  flxatlOD  would  ba  Inoraaaad  cr  raduoad,  dapandlnt  on  tha  partloular  itlaulua  rcar- 
raagaaaDt • 

Four  axparlBODta  wara  undartakaa  to  asaolDO  vartloal  oya  aovaaantBi  aalf-aotlon 
ptroaptlOD  and  action  Blakaaaa  ayaptoaa  aa  a  funotloa  of  axpoaura  to  tha  aaaaory  raar- 
rangaaont.  produoad  by  tha  PAT  prototypaa*  Tha  aaln  quaatlon  addraaaad  In  thaaa  atudloa 
waa:  do  aya  aovaaanta  avokad  by  pitch  hand  action  ohanga  ralatlva  to  baaallna  aa  a 
oonaaquanoa  of  axpoaura  to  tha  PAT  atlaulua  raarrangaaant? 

Ixparlaant  1 

Thla  axparlaant  axaalned  tha  aaplituda  of  vartloal  aya  aovananta  alloltad  by  pitch 
atlaulatlon  following  PAT  training. 

Hathod 

Slxtoen  aubjaota  froa  tha  Johnicon  Spaoa  Canter  HouroiJiyaloloay  Laboratory  aubjaot 
pool  ooaplatad.  thla  axparlaant.  All  had  paaaad  an  Air  Foroa  Claaa  111  phyalcal  oxani- 
natlon  and  none  raportod  prior  auditory  or  vaatlbular  dlffloultlaa. 

The  protocol  and  general  purpoae  of  tha  axperlaeut  ware  explained  to  tha  aubjaota . 
They  were  alao  Inatruoted  about  how  to  report  aalf-aotlon  parcaption  and  notion  itlok- 
naaa  ayaptoaa  In  teraa  of  tha  Fanaaoola  dlagnoatlo  oategorlea  (6). 

Tha  HUa  PAT  prototjrpe  that  haa  been  daaorlbad  pravloualy  waa  uaed  (1|6).  The 
apparatua  produoad  pitch  head  notion  of  */-  IS*  around  an  axle  located  at  tha  aubjuot’a 
larynx.  The  oaolllatlon  freiuency  of  the  pitoh  notion  and  the  vlaual  aurround  (box) 
waa  net  to  G.2S  Hx.  Sllver-allver  ohlorlda  alootrodaa  for  recording  vertical  eye 
Bovaaenta  were  located  on  the  right  aupra-  and  Infra-orbltal  rldgea  and  on  tha  right 
aaatold.  The  aubjaot  waa  aeatad  in  the  apparatua  with  a  large  blaok  collar  to  prevent 
downward  vlalon  and  waa  aeoured  by  walat  and  head  raatralnta.  A  large  box  with  a  ran- 
doa  deaign  and  oolorad  lighta  on  the  Inaldo  walla  waa  placed  over  tha  aeatad  eubjeoti 
and  the  front  wall  of  box  tranalatad  away  froa  the  aubjaot  during  forward  pitch. 

Aapllfled  eye  aoveaaat  and  pitoh  notion  aignala  wara  dlgitlaad  and  atorad  uaing  an 
Lai  11/23  ooBputer.  The  alanal  waa  also  diaplayad  on  an  osolllosoopw  during  the  uxpar- 
iaent.  Vartloal  eye  aovaaanta  were  aarplad  during  pitoh  oaolllatlon  for  S5  a  under 
each  of  the  following  oondltlonr:  (a)  a  baseline  condition  without  tha  box  and  while 
fixating  on  a  floor-fixed  stationary  target;  (fa)  a  second  baseline  condition  In  dark¬ 
ness  (wearing  light-excluding  goggles)  while  fixating  on  an  laaglnary  laage  of  the 
floor-fixed  stationary  target;  (o)  In  the  darkness  after  15  a  of  PAT  or  NO -PAT  expo¬ 
sure:  sad  (d)  In  tha  darkneaa  after  an  additional  18-a  period  of  PAT  or  NO-PAT  expo- 
aura.  During  both  the  PAT  and  NO-PAT  oondltlona,  the  aubjaota  wera  exposed  to  oontinu- 
ous  alnuBOldsl  pitch  notion.  Baoh  recording  was  praoeded  by  a  30-b  atablllsatlon 
period.  Bye  aoveaent  calibration  was  parforaed  after  each  66-s  recording. 

The  experlaent  required  two  days  for  each  aubjaot.  During  one  day  the  aubjaot  waa 
exposed  either  to  the  PAT  oondltloii  (box  aovlng  with  respect  to  the  subject  to  produce 
vlaual  aurround  translation  during  pitch  notion)  or  to  the  NO-PAT  oondxtlon  (box  fixed 
to  aohleve  a  stationary  visual  aurround  relative  to  the  aubjaot).  Ona-half  of  tha  sub- 
Jeota  wera  exposed  to  the  NO-PAT  condition  on  their  first  day. 

Motion  alokneaa  syaptoas  were  checked  each  13  a  (6  a  Into  each  adaptation  period) 
or  as  reported I  and  the  axparlaant  waa  teralnated  If  the  subject  aoouaulatad  T  or  aora 
points. 

The  subjeota  ware  asked  to  Indicate  whether  they  peroelvad  their  self  notion  to  be 
prlaarily  translation  or  prlaarily  tilt  and  wbethar  tcuohlng  tha  walls  of  the  box  pro¬ 
duoad  any  ohanges  In  notion  peroaptlon.  Thay  also  ware  asked  to  do  whatever  was 
required  to  enhanoe  tha  translational  aelf-aotlon  parcaption.  Bye  aovananta  were  aonl- 
torad  throughout  tha  exparlaant  to  ensure  subjaot  understaadlag  and  oooparatlon.  Alaui 
tha  Invaatlgator  talked  with  the  subjects  to  aalotaln  alsrtnaes. 

Baaults  and  Dlsouaslon 

Bye  aoveaent  response  power  at  the  atlaulus  fraquanoy  was  detaralnad  using  Fourier 
analysis.  The  ratios  of  rssponsa  power  post-PAT  ooapared  to  pra-PAT  and  post-NO-PAT 
ooaparad  to  pre-NO-PAT  ware  oaloulated  for  eaoh  subject;  tha  re.-ults  are  Illustrated  In 
Fig.  2.  Averaged  aoroas  aubjeotsi  thla  ratio  waa  0.30  for  the  PAT  oondltloa  sad  1.02 
for  tha  MO-PAT  ooadltloD.  Using  a  Vllooxon  aatobed-pairs  slgaad-ronks  taBt>  this  dlf- 
fsranoa  la  statistically  significant  (T  x  32t  N  a  13,  p  <  0.03,  ore  tall).  These  data 
Indloata  that  aye  aovaaaDt  gain  la  reduced  following  axpoaura  to  tha  PAT  axpoaura  as 
ooaparad  to  the  oontrol  condition. 


Vetw  MbjMta  war*  iwabl*  t«  aaparlaant  dua  to  aetlon  alakaaaa. 

Tkirtaaa  af  Um  aabjaata  rapartad  tranalatlon  durlnt  PAT  axpeaura.  Of  tbaaai  T 
rapaatad  Akat  tka  taaaalatlaaal  aalf-awtlaa  aaa  not  paroaiaad  Nkan  tkalr  aya  aara 
alaaad.  Tka  aanaatlaa  vaa  aftaa  daaorlkad  aa  alnllar  to  novlnt  oa  a  akataboaad  book 
and  (aatk  aoraaa  a  aaall  buap. 

Tka  pradlotloB  that  apa  aovanaat  lain  would  ba  raduoad  folloulat  PAT  uaa  aup- 
portad.  lowavari  a  oaa-tallad  taat  waa  raquirad  to  aupport  thla  aonolualon.  Tba  aaall 
dlffaraaoaa  obtalaod  nap  hava  baaa  a  ooaaaquaaoa  of  tka  foot  that  tka  vlaual  aurrouad 
waa  flaad  attk  raapoot  to  tka  aubjaot  durlnc  tha  NO-PAT  condition.  In  order  to  atabl- 
llaa  daaoi  tha  aubjaota  had  tu  auppraaa  vartloal  apa  aovaaanta  avokad  bp  pitch  notion 
durlnd  tka  KO-PAT  axpoaura.  CoaaaquaatlPt  both  tha  PAT  and  tha  NO-PAT  oondltlona  would 
toad  to  raault  in  raduoad  apa  aovanant  gain. 


Pig.  1.  Vortical  apa  aovcaant  anplitudoa  woro  anallar  following  PAT  training  ualng  tha 
NU8  prototppa  (bparinaata  i  and  1).  No  anplltuda  changaa  wore  obaarvad  following 
tralaiag  uaing  tha  DBS  prototppa  (Ixperinaat  S).  Bpo  aovonont  aaplltudo  waa  not 
affaotod  bp  fixation  iaatruotioaa  during  a  "control*  condition  (Bxparlaont  4). 

Ixpariaoat  t 

Bxparinant  I  raplioatod  Bxpariaant  1  ualag  a  different  trainer.  Alao,  af facta  of 
tha  phaae  relatiunahip  between  \isual  surround  notion  ralativa  to  the  pitch  notion  were 
axaalned.  It  waa  predicted  that  vcrtloal  epe  novenoat  aaplitude  would  ba  deoreaaed 
following  0*  PAT  and  inoraasod  following  180«  PAT  (aaa  Pig.  1-B). 

Method 

Blavan  aubjecta  fron  the  Nrigbt-Patteraon  Amatrong  Aeroapnoe  Medical  Reaoaroh 
Laboratorp  Acceleration  gffaota  Panel  coapleted  thla  experiaent.  All  had  extenaiva 
prior  experience  in  unuaual  acceleration  environnenta  and  had  paaaod  an  Air  Poroo  Claaa 
III  phpaloal  axanlnatloa.  The  inatructlons  ware  the  aaae  aa  for  Ixperlaent  1. 

The  DBS  PAT  prototppa  that  has  been  deaorlbad  pravloualp  wma  used  ( T ) .  It  pro¬ 
duced  pitch  head  notion  of  *f-  It*  at  O.tS  Ha  around  tba  Interaural  axis.  Ipo  aovanant 
recording  was  the  aaaa  as  for  Bxperluant  1. 

Tha  axparlnont  required  3  dapa  for  each  subject.  On  one  dap  tha  box  (visual  sur¬ 
round)  was  fixed  relative  to  the  subject  (NO-PAT);  on  a  second  dap  the  front  wall  of 
the  box  noved  swap  free  the  subject  during  fortran^  pitch  (0*  PAT);  and  on  a  third  dap 
the  box  noved  toward  tha  subject  during  forward  pitch  <180*  FAT).  Tha  mat  of  the  pro¬ 
cedure  waa  aa  in  Bxparinant  1  except  that  no  obaarvatloas  w.ire  parforned  with  the  sub¬ 
ject  fixating  on  a  floor-fixed  atationarp  target,  Tha  order  of  exposure  conditions 
across  aubjaota  was  counterbalanced  sad  aubjecta  ware  aaslgnad  randonlp  to  the  differ¬ 
ent  orders. 

Besults  and  Dlaouaslon 

Averaged  aoroaa  subjects >  tha  ratios  of  epe  novenent  rasponae  anplltude  before  and 
after  axpoaum  warn  l.OT  for  NO-PATi  1.03  for  0*  PAT  and  1.11  for  ItO*  PAT  (aaa  Pig. 
t).  Uaing  tha  Hilooxoa  natohed-palrai  nigned-raaks  teat,  these  diffarencaa  did  not 
appronoh  statistical  signlfloanoa  (NO-PAT  va.  0*  PAT;  T  a  30. 6|  N  a  11,  p  a  N9;  NO-PAT 
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va,  IIO*  »AT:  T  >  t4.S,  M  a  11,  p  a  MPi  0*  PAT  vs.  ItO*  PAT:  T  a  10,  M  a  11,  p  a  M) . 
Ocular  raaponaa  aaplltuda  vaa  aot  aodlflad  bp  tha  PAT  traialng, 

Bxpoaura  duratloa  waa  truaoatad  tor  tm  aubjaota  dua  to  act ion  slekaaas,  laeh  was 
abla  ta  ooaplata  tha  aaparlaaat  pratocal  ualad  tO-a  rathar  than  SO-a  aapaaura  dura- 
tiaaa. 

Nlaa  of  iha  aubjaota  raportad  traaalatloBal  aalf-aotloa  paroaptlon  duriac  PAT 
aaposura.  Of  thaaa,  eaa  aaparlaaoad  traaalatloa  onlp  durlaa  100*  PAT.  Oaa  of  tha  two 
aubjaota  who  did  aet  rapart  traaalatloa  axparloaoad  altnltloant  aotloa  sloknaaa. 

Tha  raaulta  froa  Bxparlaaat  1  ware  not  raplloatad  bp  Rxparlasat  t.  Although 
axoallaat  data  wars  obtalaad,  as  Judged  bp  tha  ooharaaea  values ,  there  wara  large  dlf- 
faraaoaa  aoroas  aubjaota.  No  trends  la  support  of  tha  hppotheaas  era  apparent  la  tha 
data. 


The  aajor  difforaaoa  batwaan  gaparlaaata  1  and  t  that  nap  aooount  for  tha  differ¬ 
ent  raaulta  la  tha  fact  that  both  tha  subjects  and  the  visual  surround  wara  anoloaed  la 
a  oab  la  the  DIS  apparatus.  Conaequantlp,  tha  subjects  wara  unable  to  praotloe  fixat¬ 
ing  on  a  statloaarp,  floor-fixed  target  la  ■xparlaant  t.  Further,  the  visual  surround 
waa  fixed  with  raapaot  to  the  subject  during  NO-PAT  axpoaura,  aa  In  Bxparlaant  1.  As 
suggastad  above,  this  would  tend  to  raduoa  vertical  ape  aovaaent  gala. 

Other  dlfferencea  between  Ixperlaenta  1  and  t  that  aap  aooount  for  tha  dlaparltp 
la  the  results  Include  the  following:  (a)  Tha  subjects  la  the  ■xperiaant  1  were  naive 
ooaoarnlng  the  hypothesis  and  basic  siaulatlon,  whereas  naarlp  all  of  the  Bxperlaent  2 
aubjaota  hSkd  participated  In  previous  PAT  studies  sad  wara  partlallp  faalllar  with  the 
axparlaeatar'a  axpeotatloaa.  (b)  Tha  NUS  provides  pitch  around  the  subjeot’s  larpnx 
while  the  DIS  pitch  axis  oorraaponds  to  the  subjeota’s  Intaraural  axis. 

Bxparlaant  S 

Ixperlaeat  3  replicated  Bxperlaent  1  except  that  the  visual  surround  was  reaoved 
during  the  control  condition. 

Method 

Hlaeteen  aubjocta  froa  the  Johnson  Space  Canter  Heurophyslologp  Laboratorp  subject 
pool  ooapleted  this  uxperlaent.  lastruotlcaa  and  apparatus  were  the  aaae  as  In  Bxperl¬ 
aent  1. 

Bps  aoveaeats  and  aubjaota'  reports  were  recorded  la  thu  aaae  aenner  aa  for  Bxper- 
laeat  1.  The  onlp  dlffaronoa  was  that  tha  box  (visual  surround)  was  reaoved  during  NO¬ 
PAT  exposure. 

Besulta  sad  Dlacuaalca 

Averaged  aoroae  subjects,  the  ratios  of  epa  aoveaent  response  aaplltuda  before  and 
after  exposure  ware  O.TO  for  the  PAT  condition  and  1.10  for  the  NO/PAT  condition  (sea 
Fig.  3).  This  differenoe  is  statlstloellp  significant  (T  :  38.5,  N  *  19,  p  <  0.035, 
two  tails). 

Four  subjects  experienced  slid  notion  alokness  spaptoas  during  exposure  to  the  PAT 
ooadltion.  Self-action  peroeptlon  waa  a  ooablnatlon  of  tilt  and  translation  with  lit¬ 
tle  pure  translation  reported. 

These  results  show  that  epe  aovaaent  gnln  ohangaa  oan  be  produced  bp  training  In 
tha  HUS  PAT  prototype.  Further,  the  slse  of  the  decrease  waa  ooaparabla  in  aagnltude 
to  that  obtained  la  Bxperlaent  1. 

The  differences  between  epe  aoveaent  galas  after  tha  PAT  and  NO-PAT  oonditlons  in 
Bxparlaaat  3  were  aore  ooanlatent  than  those  found  In  Bxparlaeat  I .  This  suggests  that 
reaovlag  the  box  and  allowing  tha  subject  to  view  the  aoraal  laboratorp  aavlronaent 
during  NO-PAT  exposure  did  enhance  the  difference  between  the  PAT  and  NO-PAT  condi¬ 
tions  . 


Bxpariaaat  4 

Bxperlaent  4  addressed  the  poaslbilltp  that  Instructions  regarding  gaae  fixation 
during  tha  NO-PAT  condition  nap  have  accounted  for  the  results  observed  in  Bxperlawnts 
1  and  3. 

Method 

Ton  aubjaota  froa  the  Johnson  Space  Cantor  Neurophysiology  Laboratory  subject  pool 
partlolpated  In  this  study;  Instructions  and  apparatus  were  t^'t-  saas  as  for  Bxporlaent 
1. 


The  subjects  were  exposed  on  two  suooesslva  daps  to  two  NO-PAT  conditions.  During 
one  of  these  they  were  Instructed  to  aalatala  fixation  on  a  target  light  located  36  oa 
froa  their  eyes.  During  the  other  NO-PAT  condition,  the  subjects  were  Inatruotad  to 
look  around  the  laboratorp  and  not  aalntaln  fixation  on  any  particular  location.  The 
box  (visual  surround)  was  not  used  In  this  experlaent. 
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•Mttlts  ud  Diaottaaloft 

Hr*  MvaMAt  Miplltud**  (•)  art*r  pitch  •spohur*  with  twrtwt  fixation  ralative  to 
hoforo  oxpoawro  with  tamt  fixation  (h)  aftar  oxpoanro  without  t«riot  fixation 
rolatiwo  to  hoforo  oxi>eauro  without  target  fixation  woro  oaleulatod.  Avoragvid  aorooa 
auhjootai  thin  ratio  waa  I.IS  for  pitch  oxpoouro  with  targat  fixation  and  l.it  for 
axpoauro  without  target  fixation  (aoo  Pig.  I).  Tho  difforonoa  batwoan  thoao  ratioa 
dona  not  approaoh  atatiatioal  oignifioanoo  (T  «  ts.  N  •  10,  p  M9). 

Ho  notion  aleknoaa  ayaptona  woro  raportod  daring  thin  oxporlnont.  Saif  notion  waa 

not  aaaoaaod. 

Ixparinont  t  Indieatod  that  fixation  on  a  targat  light  dtiring  paaaira  pitch  under 
MO-PAT  eondition  eould  not  by  Itaolf  aorouat  far  tho  difforonoaa  obtained  in  Ixparl- 
awnta  1  and  S. 


i 


OafMral  Dlaeuaaian 

Sxporinonta  1  and  9  aupport  the  viow  that  PAT  training  prior  to  woightloaa  apaoa*- 
flight  oould  taaoh  aatronauta  to  rointarprot  algnala  fron  the  otolith  organa  in  a  ataa- 
nar  oonaiatont  with  tho  OTTM  nodal.  In  other  werda,  training  any  faoilitata  a  tranala- 
tion  intorprotation  of  tho  algnala  fron  thoao  organa  and  auppraaa  a  tilt  latarprota- 
tlon. 


Sovaral  invaatigatora  havo  noted  that  rolativoly  hrlaf  (about  SO  a)  axpoauro  of 
anlaala  to  atlnulua  roarrangononta  roaulta  in  eye  aovanant  gain  ohangoa.  Of  partioular 
intoroat  in  thla  regard  ara  tho  oroaa-VOII  atudiaa  perfomed  by  Petoraon  and  hia  ool- 
loaguaa  (S).  They  raportod  gain  ohaagaa  in  aye  novaaMnta  avokad  by  pitch  in  anlaala 
that  had  had  their  aoaioiroular  oaaala  aurgleally  pluggad.  Thin  indioataa  that 
adaptive  roaponaoa  oan  be  aadlatod  priaolpally  by  tho  Otolith  rooaptora. 

Nhila  voriioal  oya  aovanant  gain  waa  relatively  readily  altorad  in  Ixporiaanta  1 
and  Si  no  oonaiatont  phaao  ahtfta  woro  obtained.  Thla  ia  in  agraoaant  with  tha  roport 
by  Oonahor  and  Malviii  Jonaa  (10)  that  altaration  of  oya  aovanant  phaao  uay  raquira 
auoh  longer  axpoauro  to  atlnulua  raarrangaaent  than  doaa  altaration  of  gain. 

Two  daya  of  oontinuoua  axpoauro  woro  raquired  to  olloit  aignifioant  gain  ohangon 
in  the  loft-right  ravaraing  prlan  atudiaa  porforaed  by  Oonahor  and  Nolvlll  Jonaa.  Thla 
ia  in  oontraat  to  tha  rolativoly  briof  axpoaurea  in  tha  atudiaa  raportod  hare.  Tha 
difforonoa  In  tha  axpoauro  ttna  required  to  eliolt  a  ohanga  aay  be  ralatad  to  tha 
requlraaanta  of  the  atlnulua  raarrangaaent;  tho  atlnulua  raarrangaaent  aaaooiatad  with 
loft-right  roveraal  aaaaa  aora  daaanding  that  that  produood  by  tho  PAT  trainer. 

Tho  data  fron  theao  oxpariaonta  auggoat  largo  dlfforanooa  batwaon  individuala. 
Thla  haa  bean  obaarvad  in  pravioua  aonaory-aotor  adaptation  atudiaa  and  haa  bean 
attributed  to  a  variety  of  faotora  inoluding  tho  waya  ia  which  difforoat  pooplo  ordi¬ 
narily  weight  different  apatlal  orientation  ouaa  (4). 

PUFliIoar  AOAFTATION  TgAIHIS  fiisiam 

On  tha  baaia  of  tha  tha  aanaory  oonfliot  approaoh  to  SN8,  aonaory  ooapanaatlon  and 
tha  OTTS  hypothoaiai  oonoapta  for  prefllght  adaptation  apparatua  and  training 
prooedurea  havo  boon  davaloped.  Devolopaant  of  trainora  to  aiaulato  tho  atlnulua  roar- 
rangeaant  of  waightlaaaneaa  oan  be  approaohad  in  two  waya:  (a)  gravioaptor  atablllaa- 
tlon  to  ovoka  aanaory  ooapanaatlon  and  (b)  gravlooptor-viaual  rearrangenant  to  evoke 
aonaory  relntarpratatioo. 

Gravioaptor  atabiliaatlon:  Although  gravity  oaanot  be  allalnatad  on  garth,  Ita 
oontrlbutlon  to  apatlal  orientation  la  tha  aiaulatad  anvlronaant  oan  be  negated.  Thla 
oould  be  aohiavad  by  kaoplng  tha  gravity  vaotor  oouatant  with  raapaot  to  the  trainoa  aa 
tho  trainoa  ohaagaa  oriontationa  wittin  tha  aiaulatad  onvironnont;  porcoivad  orienta¬ 
tion  ohaagaa  oould  be  produoad  through  vlaual  onvironnont  ohangoa  around  a  fixed 
trainee  who  oould  atill  engage  in  ainulated  notion.  Thia  would  aohiavo  gravioaptor 
atabiliaatlon. 

Qraviooptor-vlaual  roarrangaaeut  ia  baaed  on  tho  OTTR  bypothoaia.  No  auggoat  that 
an  aatronaut  oould  bo  taught  to  rointarprot  gravioaptor  output  provoked  by  bead  tilta 
on  Barth  by  providing  novaaant  of  tho  vioual  aurround  appropriate  to  a  wal.ghtloaa 
anvlronaant  during  thoao  head  tilta. 

The  propoaed  PAT  aiaulationa  of  welghtloaaaaoa  are  baaod  on  an  oaorging  undor- 
atnndlng  of  tho  neural  baaia  of  apatlal  orientation.  Thia  viow  auggeata  that  aonaory 
and  notor  reaotlona  aaaoolated  with  orientation  and  notion  oan  bo  aupportod  by  appro¬ 
priate  vlaual  Input  in  tha  abaonoo  of  nornally  oongruant  gravioaptor  ouaa  fron  the 
otolitha  and  other  organa  ( 1 ) . 

Slnulatlon  of  wolgbtleaanaaa  oould  be  aooonpliahed  with  a  act  of  four  'part-taak' 
PAT  trainora.  Throe  trainara  would  atabiliaa  tho  otolith  raooptora  with  raapaot  to 
gravity  and  one  would  uao  paaaive  pitch  or  roll  noveaMnt  to  ainulato  tranalatlon  in 

woightleaanoaa . 


j 
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for  tk«  dcaln  of  tk«  pkrt*tMk  tnlMra  ara  llluatratad  la  rtt>  9.  Par 
tha  Nada  *  apparatMt  %Im  tralaaa'a  haad  would  ba  bald  la  tba  uprlgbt  paaiblaa  bo  aala- 
bdim  imalanibar  aa^b  aaaataab.  A  vlaual  aoaaa  tagraaaablad  bba  abatbla  atddaok  or 
•Moalate  aawi.4  ba  itraaaabed  ba  bla  ala  yrajaabata  aad  a  aaraaa  or  a  balaab-Muabad  dla- 
plap.  fha  aaaaa  would  aa»a  ia  a  aaanar  dapaadaab  ea  abbaavbad  baad  aovaMoba  br  bba 
bralaaa  aad/a»  lavuta  bo  baad  coatrollara.  Tba  abbaagbad  baad  Bowaaoaba  oauld  bo 
dabaotad  bp  forea  braaaduearo  la  bba  baad  roabralab.  dlgaala  Troa  bba  foroo  traaadua- 
ara  or  baad  aoabrollara  oould  aobivabo  a  rouob  ara  (la  a  uoarby  aaokupt  wblob  would 
oarrp  aa  araap  of  wldaa  oaaaraai  aad  bba  vlaual  aaaaa  raoordad  bp  bba  oaaapaa  would  ba 
aaaa  bp  bba  bcalaaa>  Albaraablvalpi  a  Qoapubar>taaarabad  laatorp  apaboa  oould  ba  uaad. 
Ia  bbla  apparabuai  vlaual  faadbaok  would  ba  approprlaba  for  bba  ooaaaada  froa  bba  baad 
ooabrallara  aad  bba  abbaapbod  baad  aobloaa.  Howavar.  gravlbp  laforaabloa  braaaduoad  bp 
bba  abollbb  aad  aoaaboaaaaorp  raoapbora  would  aob  obMdo,  bbarabp  aeblavlac  gravloapbor 
BbablllaabioB. 
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Fig.  S.  Oaaiga  oonoapta  for  four  "parb-taak'*  profllgbt  adapbatloa  trainara.  Saa  taxt. 

Tba  Noda  B  apparatua  oould  oaplop  a  two-dagroa-of-froadoa  aovlng  baaa  to  stablllae 
tba  otolith  rooaptora  with  roapaot  to  gravltp  during  notlva  hoad/bodp  aovaaont  (pltohi 
roll  and  paw)  bp  tha  tralnao.  Both  tho  tralnaa  aad  t^a  vlaual  aoana  would  ba  looatad 
on  tba  aovlng  baaa.  Tha  tralaaa'a  aovaaanta  would  ba  dataotad  bp  a  haad  traokor  which 
would  provida  tha  Input  algnala;  tha  hpdraullo  aotuatora  would  aovo  tha  baaa  and  tha 
tralnaa'a  bodp  ao  aa  to  kaop  tha  tralnao'a  jUttA  upright  rolatlva  to  gravltp.  Tharo- 
fora.  gravltp  algtiala  froa  tha  otoliths  would  roaaln  oonatant  whlla  visual  and  naok 
raoaptor  faadbaok  approprlaba  for  tha  tralnaa'a  haad  and  bodp  aotlona  would  ba  provided 
bp  tha  apparatua. 
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I»  tk«  Note  0  •vpuAttMi  Ui*  trmlnM  Mttuld  b*  rMtMlB«4  on  •  eA«'*A«grM-of-rr«»- 
4c«  MVlM  bBMt  Rail  or  glteb  ootloa  Mould  bo  uaod  to  olauloto  on  otolith  roooptor 
olgMl  that  Mould  bo  olloltod  bp  trooalotloa  in  uoidhtloaoMoa.  ood  tho  viouol  ooomo 
Mould  troMloto  Mitb  roopoet  to  tho  trolooo.  Tboroforo  pltoh  or  roll  Mould  bo  rotator* 
protod  00  troaalotloa  bp  tho  tralaoo.  Thlo  trolaor  dorlvoo  fro*  tho  OTTS  aodol  ot 
aoaaorp<-uotot  odoptotloo  to  uolihtloaaaoao. 

to  tho  Nodo  D  trolaort  tho  trotaoo  Mould  bo  roatrolaod  la  a  horlooatal  poaltton 
aad  parulttod  to  aovo  hla  hood  oalp  ia  o  ploao  orthodonol  to  grovltp  troll  uhoo  oupiao 
oad  pltoh  «ihoo  Iplas  oa  oldo).  Tho  rlauol  oeoao  Mould  bo  flaod  Mlth  roapoet  to  tho 
aubjoot'o  bodp  (oalp  tho  aubjoot'a  hood  ao«oo)t  oooaoduoutlp.  tho  vtouol  foodbook  uould 
bo  opproprloto  to  tho  ottoaptod  hood  aotlooi  oo  uould  tho  aook  roooptor  oad 
■oalotroular  eoaol  foodbook*  Aa  ulth  Hodoa  A  oad  b>  tho  otolith  olgaola  would  roaoln 
eeaotoat  thorobp  oohiovlag  grorleoptor  atoblllaotloa. 

ooNtnAmioia 

Rolotlvolp  briof  oxpoouro  to  o  atlauluo  roorroaaoaoat  whoro  o  oubjoot  lo  oovod 
puoalvolp  in  pltoh  oad  tho  vlauol  surrouad  troaolotoo  with  roapoot  to  hla  olona  hlo  X 
bodp  oala  roaulto  la  roduood  vartlool  opo  aoooaoat  aoln.  Thlo  obaarvotlon  oupporta  tho 
vloN  that  opporotua  oad  proeaduroo  ooa  bo  dovalopod  to  praodopt  oatroaouta  to  tho  atia- 
ulua  roarroaaoaoat  oaaoolotod  ulth  uolahtlaaa  apaeofllaht.  Doalan  oonoapta  tor  tour 
"part-taak”  prof light  odaptotloa  trotaora  hava  boon  dovalopod. 
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ohangoa  following  wolghtlaoaaoaa  aad  prafllght  adaptation  training.  In  Kollar  Ri  Zaa  D, 
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pp.  103-109 

T.  Parkar  DRi  Rook  JC.  von  Olarfca  HBi  Oupang  l>>  Raaohka  HPi  Arrott  AP.  Spaoo  notion 
aloknaaa  prafllght  adaptation  training:  prallolnarp  atudlaa  with  prototppa  tralnara. 
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adaptation  training  on  apa  oovaoanta.  aalf-uotlon  p<^.'oaptlon  and  notion  aloknaaa. 
Avlat.  Spaoo  Xnviron.  Nad.  Vol.  68  (Suppl.  A);  198T,  (In  proaa). 

9.  Potaraon  BN,  Bokar  JP,  Niokland  C.  Plaatlo  ohangoa  In  oarvlooooular  and 
voatlbuloooular  rofloxoa  elloltod  bp  labprlnth  loalona  or  oltorad  vlaual  faadbaok.  In: 
Kallor  IL,  Zaa  DS.  ada.  Adaptlvo  proooaaoa  In  vlaual  and  oeuloootor  apatana.  Oxford: 
Pargaaon  Preaa.  1986,  pp.  399-408. 

10.  Qonahor  A,  Nolvlll-Jonos  0.  Rxtraaa  vaatlbulo-ooulor  adaptation  Induoad  bp  pro- 
longad  optical  ravoraol  of  vlalon.  J.  Phpalol.  Vcl.  366;  19Td,  pp.  381-414. 

AOXNOHLBMMRNTB 

No  thank  tha  ataffa  of  tha  Johnaon  Spaoa  Cantor  Naurophpalologp  Laboratorp  aad  tho 
Nrlght-Pattoraon  APB  Dpnaaio  Xnvlronaant  Sioulator  Paollltp  for  thalr  aaalatanoa.  Tha 
oontrlbutiona  of  B.  B.  von  Olarka,  H.  Sklnnor,  N.  Holt,  J.  Praaar,  0.  Ratlno,  T, 
Sooggiaa  and  P.  O' Brian  are  aapaolallp  aoknowladgad. 


DI8COS8IOH 


KOIPgM «  Old  otrorauta  avotdad  head  aevMMnta  hava  prolea4*d  adaptation  tltaa? 

WUttttOi  Tha  a.tronauta  ara  awaca  that  actlva  haad  aotlona  nay  raault  In  dlaturbanca. 
maacthalata,  thalr  tatka  raqulra  thaa  to  amva  about  a  good  daal.  Mkat  wa  aaa  la 
paopla  Moving  about  fairly  vlguroualy  during  tha  flrat  faw  houra  of  flight,  and  than 
aobaaguantly,  aa  thay  bagln  to  davalop  notion  alOcnaaa,  thay  raaonbar,  *I  ahouldn't  hava 
dona  ^at,*  Than  thay  nova  around  with  tha  haad  alaoat  flaad  with  raapaet  to  tha  body. 

Or.  young  nl^t  wlah  to  oonnant  on  thia. 

tOOMSi  I  agraa  with  that  ganarallaatlon,  Don.  Ontortunataly,  aa  yat  wa  hava  baan 
unuia  to  lliilt  or  control  tha  haad  aovaaont  actlvltiaa  in  apaoa  nlaalcna.  Conaaquantl:  ■ 
a  eontrollad,  balanead,  doubla-bllnd  atudy  of  «riiathar  or  not  particular  haad  novamanta 
aca  provoeativa  haa  not  baan  dona  aa  yat.  No  hava  tha  coonanta  of  tha  craw  aanbara  who 
hava  baan  aakad  to  awika  a  aaguanca  of  staraotypad  haad  aovaannta,  and  aa  Dr.  Parker  aald, 
thay  all  hava  aald  that  haad  novananta  tand  to  provoke  motion  alcknaaa,  and  pitching 
haad  novamanta  ara  tha  moat  aarloua.  Tha  point  which  all  of  ua  notice  who'va  apant  any 
time  watting  the  live  video  of  aatronauta  la  that  craw  nmdMra  who  ara  nuf faring  <<K>tion 
alcknaaa  ayaptena  (whether  thay  tall  ua  about  than,  at  tha  tine,  or  not)  ara  vary  “(ay  to 
rcoognlaa  bacauaa  ^ay  nova  about  tha  apace  craft  Ilka  a  muaaiy,  ailnlmlalng  to  the  graatant 
axtont  powalbla  not  only  haad  movaaMnta  with  raapaet  to  apace  but  alao  haad  movamanta  with 
raapaet  to  tha  body. 
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BOUND  TABUS  DISCUSSION 

HOUK.  MBBTIOT  CHAlBIIANt  N«  hav«  umt  a  Mehanlan  to  achiav*  uona  focus  on  informa- 
tlon  praaantod  ovar  tha  two  taehnleal  days  by  having  a  round  tsbla  discussion.  It  will 
only  work  If  you,  tha  audlanoa,  partlpata  and  ask  some  of  the  questions  I've  overheard 
during  breaks.  Cr.  Ouedry  Is  going  to  be  our  moderator,  and  he's  accompanied  by  Dra. 
Casali,  Kennedy,  and  Young  of  the  United  States,  and  Dr.  Benson  of  the  United  Kingdom. 

GHBDRY.  MODBMTOBi  I've  listed  a  aeries  of  points  that  seemed  to  me  to  be  In  need  of 
more  dlsouasion.  I'll  road  each  point,  give  the  panel  members  a  chance  to  comment, 
and  then  we  would  like  tha  audience  to  join  In  the  discussion.  Incidentally,  thn 
panel  meisbers  have  not  had  a  chance  to  prepare  their  comments  in  advance.  Tho  points 
have  bean  selected  as  the  symposium  progressed,  and  so  the  panel  will  be  speaking  ex¬ 
temporaneously.  Point  1 .  A  number  of  the  symptoms  that  were  described  in  various 
studies  of  simulator  sickness  are  also  common  to  many  other  conditions.  For  example, 
should  a  report  of  fatigue  bo  recorded  as  a  sign  of  simulator  sickness,  even  though 
nausea,  stomach  awareness,  or  vomiting  were  nevwr  reported  with  this  simulator?  Alan, 
would  you  care  to  start? 

BENSON I  I'll  begin  mainly  by  saying  that  1  think  symptom  ratings  in  terms  of  percent¬ 
age  come  out  rather  too  high  If  we  include  all  tha  whole  range  of  symptoms  In  post¬ 
exposure  questionnaires,  which  include  reports  Ilka  fatigue,  eye  strain,  and  the  like. 
Although  these  symptoms  are  associated  with  the  exposure,  they  are  not  what  I  would 
call  simulator  alcknessi  l.e.,  patterns  of  symptoms  which  are  associated  with  motion 
sickness.  Bob  Kennedy  made  the  point  In  his  overview  speech  that  simulator  sickness 
la  really  dealing  with  those  signs  and  symptoms  that  are  produced  in  the  simulator,  but 
not  produced  in  real  flight.  Fatigue  and  postural  Instability  have  bean  Included  in  the 
list  of  symptoms,  but  we  don't  really  know  in  many  cases  the  incidence  of  fatigue  and 
postural  Instability  following  real  flight. 

KBINEDYi  I'm  probably  not  going  to  give  answers  -  just  more  questions.  For  example, 

I'm  not  aura  I  know  what  should  be  done  when  a  person  has  symptoms  before  they  go  in 
and  no  symptoms  whan  they  come  out.  (Additional  conments  by  Kennedy  were  not  clear  in 
tha  audio-tape.)  Thera  is  on  record  one  simulator  that  was  recorded  by  three  different 
"experimenters. "  The  first  was  a  form  sent  cut  by  the  squadron  to  be  filled  out  by  all 
of  tha  pilots  after  they  had  flown  in  simulators.  Another  was  a  form  that  was  admin¬ 
istered  personally  by  the  local  flight  surgeon  who  was  himself  a  former  helicopter 
pilot  and  had  good  relations  with  his  squadron.  Thon  there  was  a  third  survey  conducted 
by  the  Navy  -  by  the  Naval  Training  Systems  Center.  The  incidence  in  the  first  case  was 

less  than  12%  as  I  recall.  My  recollection  of  the  incidence,  when  the  flight  surgeon 

made  the  inquiries,  was  close  to  60%.  Incidence,  as  obtained  from  paper  and  pencil 

forms  filled  out  by  pilots  as  they  came  out,  scored  according  to  a  criterion  of  "Did  you 

have  it  when  you  came  out?"  and  "Did  you  have  it  when  you  came  in?" ,  and  subtraction  of 
tha  second  from  the  first  was  about  48%.  So  there  are  many  ways  to  loak  at  this 
problem,  none  of  which  is  without  some  difficulty  and  without  some  shortcomings. 

(Kennedy  was  prepared  to  amplify  his  remarks  with  slides,  but  to  conserve  time  for  other 
speakers,  the  chairman  intervened.) 

CASALI I  Let  me  just  make  one  comment  from  an  experimental  standpoint  rather  than  a  sur¬ 
vey  standpoint  because  I  think  our  perceptions  are  somewhat  biased.  He  started  with  a 
simulator  in  our  laboratory  which  is  )uiown  not  to  induce  symptoms,  and  we  have  data  on 
that  from  about  1500  subjects.  Our  approach  has  been  to  progressively  degrade  different 
dynamic  variables  in  that  simulator  and  compare  degraded  conditions  against  control 
conditions.  He  then  use  measures,  acme  o'  'lich  are  subjective,  some  of  which  are 
instrumented  (that  I  discussed  in  my  talk)  and  look  for  significant:  changes  between 
the  control  conditions  and  the  different:  degraded  conditions  and  draw  some  conclusions. 

He  still  have  the  danger  that  Dr.  Benson  has  alluded  to  -  we  don't  know  w)iat  happens 
in  the  actual  vehicle  to  many  of  those  measures.  He  have  found  our  approach  to  be 
fairly  useful  from  the  standpoint  of  getting  a  statistical  basis  for  our  conclusions 
and  also  for  developing  predictive  models. 

GUEORYi  Does  anyone  from  the  audience  have  consents  you  would  like  to  make  on  this 
polnb? 

BILLINGS 1  In  speaking  of  some  of  the  physiological  adaptations  in  space  flight  -  and 
particularly  of  space  motion  sickness  -  I  think  we  are  gradually  moving  toward  conceiv¬ 
ing  of  this  as  a  physiological  rather  than  pathological  response  to  a  radically  altered 
environment.  I've  been  made  progressively  more  uncomfortable  here  by  the  term,  simulator 
sickness,  for  what  to  me  sounds  very  much  like  a  physiological  adaptive  response  to  some 
imperfections,  inadequacies,  insufficiencies,  if  you  will,  in  our  motion-based  simulators. 
I  think  it's  bean  mentioned  already  this  week  that  perhaps  one  should  consider  the  occur¬ 
rence  of  these  symptoms  as  indications  of  design  defects  in  the  simulator  as,  in  fact, 
was  done  with  one  or  two  of  tha  vary  early  helicopter  simulators.  Vlhether  it  was  simu¬ 
lator  sickness  or  engineering  sickness,  everybody  got  it.  I'm  having  increasing  diffi¬ 
culty  coming  to  grips  with  the  concept  that  this  is  a  sickness  -  a  disease  -  as  opposed 
to  a  physiological  adaptation,  i.e.,  an  appropriate  response  of  a  normal  individual  to 
an  abnormal  environment.  I  don't  know  whether  that's  any  help  or  not,  but  it's  perhaps 
a  slightly  different  way  of  thinking  about  tha  problem. 
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GOWKRi  I  would  agra*  with  what  Dr.  Blllinga  aaid,  If  wa're  to  hang  a  tltla  on  what  we 
are  aaylng  in  tema  of  reaponaea  being  abnormal  or  normal  to  an  abnormal  aituation. 
Regardlaaa  of  the  name  tag,  if  the  end  reault  ia  reduced  performance  or  any  other  type 
of  adverae  effeot,  then  it  ia  a  problem,  regardleaa  of  what  we  call  it.  Nhether  we 
cell  it  aimulator-induced  ayndrome  or  aimulator  aickneaa  or  whatever,  it  atill  mutt  be 
treated  and  continue  to  be  atudied.  I  would  be  more  concerned  with  Dr.  Ouedry'a  lecond 
point  for  diacuaaion.  Ia  what  we  aee  in  the  aimulator  different  from  what  we  aee  In 
the  aircraft?  Furthermore,  how  long  doea  the  effect  peralat  after  the  stimulator  ex- 
poaure,  and  what  aafety  factora  are  involved  with  it? 

FBAMKt  I  agree  with  Dr.  Billinga  in  the  aenae  that  aimulator  alckneaa  la  not  an  lllneaa 
but  a  natural  reaction  to  aenaory  rearrangement.  I  agree  with  Or.  Billinga  in  the 
aenae  that  aimulator  alckneaa  really  meana  that  the  aimulator  ia  alck.  (Dan  Welntraub 
waa  the  flrat  tc  point  thla  out,  and  he  recommended  thn  uae  of  "aimulator-induced  ayn¬ 
drome.*)  However,  there'a  an  advantage  to  the  term,  aimulator  aickneaa,  becauae  aa  Dr. 
Gillingham  haa  aald,  aimulator  aickneaa  like  motion  aickneaa  and  aaaaickneaa  la  really 
an  orientation  aickneaa,  if  you  will.  Labeling  aomethlng  either  aa  aeaalckneaa  or 
motion  alckneaa  or  caraiekneaa  or  alralokneaa  or  aimulator  aickneaa  aervaa  to  define 
the  atlmulua  condltlona  under  which  that  rearrangement  took  place.  For  thla  reaaon, 
the  phraae,  aimulator-induced  aickneaa,  is  of  aoma  benefit.  It  doean't  give  you  the 
upeclflca  but  at  leaat  it  tella  you  the  effecta  occurred  in  a  aimulator  aa  oppoaed  to 
a  ahlp  at  aea  or  a  hovercraft  or  whatever. 

DOPPELTi  I  don't  want  to  carry  on  the  diacuaaion  ad  libidum,  but  I  would  like  to  add 
alao  to  Dr.  Billinga'  eonmenta  and  to  aome  of  the  Initial  apeakera.  The  name  may  have 
relevance  perceptually  to  the  operatora  in  the  field,  but  certainly  wc  muat  have 
aome  reaaonable  taxonomy  available  ao  that  one  can  approach  the  experlmenta  and  the 
reaulta  of  thoaa  experlmenta  in  an  rational  a  faahlon  a«  poaalble.  Aa  we  have  reviewed 
effecta  for  the  laat  ttfo  daya,  it 'a  very  hard  to  come  to  grlpa  with  what  ia  aimulator- 
induced  in  terma  of  the  symptom  or  what  la  simulator-reproduced  in  terms  of  flight.  Un¬ 
less  we  get  to  the  point  of  trying  to  understand  these  differences,  as  has  bean  pointed 
out,  we  then  Indeed  do  a  lot  of  lumping.  The  affects  that  have  been  described  as  lumped 
are  obviously  eye  strain  and  fatigue.  Anybody  knows  that  when  you  design  and  develop  a 
aimulator,  you  try  to  cram  as  much  training  as  you  can  in  the  shortest  period  of  time. 
Ergo,  you're  going  to  induce  aome  level  of  fatigue  or  eye  strain  which  would  be  made 
worse,  or  better,  depending  upon  the  specific  design  of  the  system,  the  pressure  on  the 
crew,  the  schedule  that's  imposed,  etc.)  and  that  indeed  may  be  a  aimulator-induced 
symptom,  but  it  may  be  a  positive  one  because  it  may  replicate  flight-induced  fatigue. 

So  I  hope  (from  the  operational  RID  field)  that  we  get  to  some  sort  of  taxonomic  under¬ 
standing  that  allows  ua  to  categorise  the  research  in  a  way  that  it  can  be  better 
understood  as  it  relates  to  both  the  design  of  the  simulator  for  the  purposes  of  relat¬ 
ing  to  the  flight  employment  and  as  well  as  to  the  physiological  implications  to  indi¬ 
viduals  participating  that  may  not  relate  to  the  air  environment  itself.  I  would 
propose  that  if  we're  to  use  the  word,  simulator-induced  —  then  perhaps  we  should  also 
consider  using  "simulator. reproduced,"  which  is  really  what  you're  after  in  certain  of 
the  symptoms.  The  word,  sickness,  I  think,  is  a  difficult  one  for  us  conceptually 
because  I  also  believe  that  pathology  is  not  Involved,  and  I  don't  think  air  crew  really 
feel  it  is  proper  to  be  called  sick  in  simulator  environments. 

GUEDRY !  Ne  must  move  on  to  the  next  point  which  has  already  been  alluded  to  by  several 
participants  Including  General  Doppelt  and  Dr.  Benson:  Are  effects  during  and  after 
simulated  flight  also  present  after  real  flight?  If  so,  then  this  may  be  one  sign  that 
the  simulation  la  good.  It  would  conceivably  have  some  impact  on  down-time.  In  other 
words,  if  the  simulator  effecta  match  effects  during  and  after  real  flight,  then  there 
would  appear  to  be  no  reason  for  down-times  following  simulated  flight  to  exceed  down¬ 
times  after  real  flight.  Certainly  pilots  fly  more  than  one  hop  a  day  at  times.  I 
bring  this  in  so  that  we  will  move  on  to  other  points  before,  our  time  expires.  How¬ 
ever,  there  were  several  hands  up  so  we  will  accept  a  few  more  comments. 

UUlDOLTt  I  want  to  advance  the  premise  that  the  simulation-induced  sickness  in  the 
papers  presented  here  appears  to  be  less  a  worry  for  the  flight  physician  than  it  is 
a  convenient  means  for  exploring  the  conflict  resolution  hypothesis  for  motion  sickness. 

I  know  with  airsickness,  which  is  a  serious  problem,  that  we  con  bring  back  80i  of  the 
air  crew  with  good  drug  therapy  and  autogenic  procedures.  Seasickness  is  a  problem 
also,  but  the  only  time  that  I  perceive  that  simulator-induced  seasickness  is  a  real 
problem  is  with  helmet-mounted  devices.  I  think  that  the  real  strengtti  of  the  problems 
that  we  encounter  here  with  simulator-induced  sickness  is  that  they  are  leading  us  to 
explore  and  resolve  many  of  the  different  proprioueptive-vlsual-vestlbular  Interactions 
that  are  Inherent  in  conflict  resolution. 

YOUNG:  Dr.  Landolt's  comments  about  the  potential  for  the  greater  problem  of  simulator 
sicicness  with  helnwt-mounted  devices  is,  I  believe,  correct.  Inherently  they  should  not 
necessarily  produce  adaptation  alckneas,  as  Or.  Billings  refers  to  it.  But  they  have 
the  potential,  when  engineering  is  not  done  correctly,  of  creating  greater  sensory  mis¬ 
match  and  consequently  the  potential  for  creating  conditions  that  typically  lead  to 
motion  sickness.  I  don't  think  a  priori  they  are  more  dangerous,  but  they  do  have  that 
potential,  particularly  as  we  develop  head-slaved  and  later  eye-slaved  area-of-interest 
dl.aplaya.  The  potential  for  temporal  as  well  as  spatial  mlumatches  is  a  very  severe  one. 
And  while  I  have  the  microphone,  Mr.  Chairman,  let  me  just  continue  with  "what's  in  a 
word."  certainly  Dr.  Billings  is  correct  in  that  we  should  not  be  led  into  thinking 
that  simulator  sickness  is  a  pathological  condition.  You  (Or.  Billinga)  will  recall, 
since  you  mentioned  space  aic);ness,  that  NASA  has  attempted  to  Include  space  sickness 
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undar  a  rubric  of  what  It  called  apace  adaptation  ayndrona,  partly  bacauie  alcknaaa  la 
bad  and  adaptation  la  good  -  and  ao  maybe  we  could  get  people  to  admit  that  they  had 
adapted  even  If  they  didn't  gat  alck.  However,  Major  Gowez'a  point  cannut  be  overlooked, 
via.,  regardlean  of  what  you  call  It,  If  It  Interfarea  with  training,  it'a  bad.  And  to 
follow  up  LCDR  Frank' a  cornnenta  about  whether  almulator  alckneaa  meaiia  that  you  get  alck 
In  the  almulator,  or  the  almulator  la  nick,  I  think  that  there  la  yet  another  rlak 
and  that  la  the  danger  of  being  alck  o.:'  the  almulator. 

KSNmSDYi  There  la  acme  Indication  that  people  mlnlmlte  their  head  movementa  In  almu- 
Ir.tore  to  avoid  Ba.ae  of  the  condltlona  of  almulator  alcknaaa.  If  one  doea  this  In  a 
almulator  which  la  designed  to  have  a  wide  field  of  view  for  the  operator  who  should 
be  making  lots  of  head  movementa  In  combat,  you  may  be  teaching  him  h«blts  that  will  be 
disadvantageous  In  combat  as  a  result  of  his  "adaptation"  to  the  almulator.  So  I  would 
agree  with  Dr,  Landolt  In  a  general  way,  but  I  think  there  are  some  occasions  where 
adaptation  In  the  almulator  can  bring  on  bad  consequences. 

BKHSOMi  This  la  really  one  of  the  critical  mattera,  lan't  It?  Ne  know  that  the  nervoua 
aystem  la  highly  plastic  and  we  can  adapt  to  the  sensory  rearrangement,  whether  severe 
or  mild,  of  a  particular  almulator.  How  you've  mentioned  adaptation  In  a  behavioral 
sense  as  wall,  modifying  motor  activity,  and  here  the  question  la  whether  exposure  to 
the  sluiulator  Is  going  to  have  a  negative  effect  on  bubaaquant  exposure  to  real  flight. 
It's  that  which  I  think  la  one  of  the  crucial  ques'lons  to  which  we  should  try  to  find 
answers. 

CAStoli  From  a  different  research  standpoint,  we  are  concerned  In  our  laboratory 
with  alckneaa  being  a  threat  to  the  validity  of  our  research  simulator.  We're  con¬ 
cerned  with  the  research  results  coming  from  the  simulator,  the  behavioral  data  being 
Influenced  by  sickness  and  also  by  Inadequacies  of  the  vehicle  model  or  Inadequacies 
of  how  cues  are  presented,  l.e..  Invalid  data  tdtlch  do  not  correlate  with  data  from 
the  actual  vehicle.  So  not  only  Is  simulator  sickness  a  problem  from  the  training 
standpoint,  but  It's  a  problem  from  a  research  standpoint  where  we  may  only  have  a 
single  person  In  a  simulator  one  time,  and  there  Is  no  opportunity  to  adapt  except 
within  the  course  of  that  one  run.  In  this  context  It  Is  a  threat  to  validity  In 
transferring  our  results  say,  to  vehicle  handling  characteristics. 

PHlCBt  Before  we  gat  away  from  symptoms,  I  want  to  make  a  point.  While  there  are  many 
somewhat  vague  ayihptcmu  and  perhaps  common  symptoms,  a  major  concern  In  the  operational 
community  Is  the  after-effect  Illusions.  Ny  concern  Is  not  only  the  distribution  of 
various  effects,  but  what  is  the  time  distributioi./  What  Is  the  time  distribution  after 
one  simulator  flight?  After  two?  After  a  sustained  period  of  simulator  flight  like  for 
a  week  or  ten  days?  This  la  relevant  to  saving  travel  money  and/or  putting  simulators 
In  too  many  locatlonu,  i  think  that's  a  real  operational  concern,  and  I'd  hate  to  see 
us  focus  all  of  our  time  on  more  common  effects  that  may  be  less  significant. 

KBWIEDYt  Baaed  on  a  combination  of  some  of  the  data  that  you  people  (U.S.  Army  personnel) 
collected  and  that  we  collected,  out  of  750  eases  of  people  who  were  questioned  about 
after-effects,  about  half  had  effects  chat  outlasted  the  stimulus.  This  brings  us  down 
to  about  300.  Of  the  300,  about  40%  said  that  they  had  effects  that  lasted  more  than  an 
hour  -  or  slightly  more  than  100  -  and  out  of  those  about  30  had  effects  that  lasted 
more  than  6  hours.  That's  the  first  cut  at  the  data  that  I  mentioned.  So  in  terms  of 
effects  that  outlast  the  stimulus,  by  self-report,  there  were  30  out  of  700  -  maybe  5%  - 
who  said  they  had  effe'.'ts  that  are  presuised  to  last  6  hours. 

BEHSOMt  Bob,  do  we  ask  the  ssme  question  of  people  after  real  flight? 

EEHHEDYl  Mo. 

PRICE «  We  also  had  a  group  that  flew  (I  believe  that  Major  Gower  repotted)  for  a  sus- 
talned  period,  yet  we  did  not  follow  them  long  enough  to  assess  the  time  distribution 
of  symptoms,  and  that's  what  concerns  me. 

GUE..RY I  I  don't  think  we're  going  to  answer  your  questlo.,  any  batter  than  it's  already 
Been  answered.  Unless  someone  else  wants  to  comment,  we'll  go  on  to  the  next  point. 

It  has  been  very  common  to  say  that  It  is  the  experienced  pilot  who  Is  disturbed  by 
simulator  handling  characteristics  and  simulator  sickness ,  whereas  the  novice  tends 
to  be  less  disturbed.  In  this  meeting  we've  had  several  papers  that  seemed  to  find 
little  difference  between  the  experienced  pilot  and  the  novice.  Hay  we  consider  this 
as  the  next  point  for  discussion. 

vinT.KTTRi  (In  French)  Technical  difficulties  prevented  translation  of  tape  recording. 

young  I  The  only  comment  I  would  make  is  that  the  experienced  pilot  has  a  certain  ex- 
pectatlon  of  sensory  Input,  as  you  said,  both  motion  and  visual  sensory  Input.  When 
those  are  not  met,  that  causes  a  more  serious  problem  vls-a-vls  the  sensory  conflict 
theory  for  the  experienced  pilot  with  his  well-developed  prediction  than  for  the  novice 
pilot  with  his  lack  cf  well-doveloE>ed  prediction.  This  Is  consistent  with  the  older 
simulator  sickness  data  going  back  to  Miller  and  Goodson.  Now  finding  that  the  novice 
pilots  are  also  having  difficulties  may  be  related  to  the  notion  of  Icnowlng  essentially 
what  cosnands  to  apply  In  the  simulator.  The  inexperienced  pilot  may,  as  you  say,  b* 
producing  rather  more  irregular  and  less  tolerable  acceleration  than  would  the  experi¬ 
enced  pilot  who  Is  controlling  the  simulator  in  a  manner  closer  to  his  control  of  the 
aircraft  and  therefore  flying  a  smoother  flight. 
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McCAHLlYt  I'd  alao  Ilka  to  contant  that  in  Dr.  Magaa'a  pi^ar,  with  tha  Canadian  ax- 
parluonta ,  I  think  that  ualng  tha  tana,  novlea,  any  not  ba  qulta  oorraot.  Aa  1  racall, 
tha  flight  hour  avaraga  of  that  group  waa  about  1500  houra.  la  that  corract?  So  thay 
wara  naw  to  that  particular  aircraft,  tlta  C-130,  but  atill  I  wouldn't  rail  thain  novlcaa. 

BTOSOWi  Ar.d  again  In  tha  aarlaa  that  Chappalow  raportad,  thay  wara  hardly  hcnoganoua 
grcupa'of  axparlancad  and  Inexparlancad  pilota,  and  vary  faw  of  than  had  axparlanca 
in  that  particular  kind  of  aircraft.  So  hia  data  arc  not  directly  ralavant  to  tha 
claaaical  eoncapta  of  af facta  of  currant  axparlanca  in  tha  aircraft,  certainly  anac- 
dotal  axparlanca  frcai  driving  ainulatora  which  wara  taken  around  the  country  in  tha 
a.K.  do  fit  with  tha  claaaical  eoncapta.  It  waa  the  police  driving  Inatructora  who 
cana  out  pale  and  awaaty,  wharaaa  relatively  young  people  who'd  not  dona  much  driving 
had  ninlmal  aymptema.  Thara  ia  avldanca  in  other  aituationa  where  axparlancad  people 
are  at  higher  rlak. 

GUKDRY I  To  aunnarlie,  you  feel  that  tha  novica-varaue-axparlancad  pilot  difference  doaa 
hold  up,  but  perhapa  I  have  referred  to  groupa  aa  being  comprlaad  of  novlcaa  who  were 
really  not  novlcaa.  Alao,  tha  novice  may  generate  more  provocative  motlona  than  the 
axparlancad  pilot.  Finally,  aona  motion  conditlona  are  inherently  provocative,  and 
in  auch  conditlona  true  novlcaa  would  be  aubject  to  motion  aickneaa. 

MAGKEi  Some  of  tha  early  work  waa  baaed  on  tha  fact  that  inatructora  aeamad  more  aua- 
captibla  than  the  atudanta,  but  they  didn't  have  their  handa  on  controla  ao  that  there 
waa  an  active/paaalve  diatinctioi.-.  Thay  were  off-axia  in  viewing  perhapa,  and  maybe  they 
ware  older  and  there  were  many  confounding  variablea  that  entered  in.  I  don't  think  that 
any  real  clear  atatamanta  can  lae  mada  at  thla  point  on  the  role  of  flight  experience 
becauaa  there  are  so  many  other  factors,  auch  as  instructors  being  more  willing  to  report 
symptoma . 

YOUHGi  Of  tha  other  variables  that  you  mentioned,  l  believe  they  go  generally  in  the 
direction  of  supporting  tha  notion  that  tha  axperienceo  driver  or  pilot  will  be  more 
susceptible.  The  original  atudies  -  the  original  reportc  from  helicopter  simulator 
sickness  ntudloa  going  back  to  the  late  1950 'a  ware  always  with  a  pilot  with  his  handa 
on  the  controla,  i.e.,  an  instructor  flying  tha  simulator  as  opposed  to  observing; 
otherwise,  of  course,  tha  situation  would  be  very  different.  Age,  as  we  wall  know,  tendj 
to  decrease  our  susceptibility  to  motion  sickness  in  general  (that's  one  of  the  go^ 
things  about  aging)  ,  so  I  doubt  that  age  would  be  a  factor  in  favor  of  increased  suscep¬ 
tibility  for  Instructor  pilots. 

KSNSEDY ;  Except,  age  ia  likely  to  make  you  less  perceptible  and  flexible  and  adaptable, 
and  to  the  extent  that  that  could  play  a  role  in  how  well  you  adapt  to  the  simulator, 
age  could  work  against  you. 

YOUNG;  Here  you  not  the  same  age  ar  I,  Dr.  Kennedy,  I  would  disagree  with  you  strongly. 

TECHNICAL  EVALUATOR;  Here  it  should  be  noted  that  differences  in  ages  of  various  groups 
mentioned  in  this  symposium  were  not  very  great,  nnd  "elderly"  groups  wore  not  a  consider¬ 
ation. 

KENNEDY;  There  are  two  other  issues;  First,  there  are  at  least  three  sets  of  data  that 
haven't  been  mentioned,  one  that  was  done  several  years  ago  for  the  Naval  Training  Systems 
Center  -  where  there  were  experienced  pilots  that  did  have  Increased  incidence,  and  then 
there  are  two  other  data  sets  that  I  had  slides  on  and  didn't  get  to  show,  where  more  ex¬ 
perienced  pilots  tended  to  have  slightly  nmre  incidence.  Perhaps  more  important  is  a 
measurement  issue.  Virtually  all  of  t]ie  distribution*  of  flight  times  tend  to  ^  skewed 
and  non-normal,  where  the  mean  and  median  do  not  exactly  coincide.  For  this  reason,  ordi¬ 
nary  statistics  are  difficult  to  use.  Secondly,  the  criterion  variable  is  almost  always 

some  kind  of  difference  score  or  cumulative  score.  Tha  criterion  tends  to  have  a  restric¬ 

tion  in  range  even  with  a  7-point  scale  where  averages  are  running  something  like  2  or  3 
or  1. 

GUEDRV;  I  think  we'll  move  on,  and  let's  skip  the  fourth  point  and  go  to  the  fifth. 

There  waa  a  statement  made  by  Dr.  Moolj . 

VIOLETTE;  (In  French)  Translation  not  available  due  to  technical  difficulty  with  the 
tape  recordings. 

GUEDRY ;  I'll  ask  Dr.  Young  to  ansvsr  because  he  is  fluent  in  French  and  I  was  unable  to 
hear  the  translator. 

YOUNG;  Briefly,  the  question  refers  to  the  fact  that  in  making  a  turn  -  scxnebody  run- 
ning  around  a  turn  lean*  into  the  torn  before  ha  gets  the  .estlbular  stimulation.  There 

is  a  lovely  picture  that  many  of  you  know  by  Or.  Fukuda  of  the  bus  driver  and  the  bus 

passenger  taken  in  Japan.  You  see  the  bus  driver  (or  ticket  taker)  leaning  into  tha  turn 
and  all  tha  bus  passengers  leaning  out  away  from  the  turn.  Clearly  the  prediction  of 
acceleration  allows  the  experience  operator  to  set  in  a  motor  program  to  overcome 
responses  prior  to  the  sensory  signals  which  the  passengers  are  relying  upon,  I  think 
that  that  applies  precisely  to  an  aspect  of  motion  sickness,  namely  that  :ho  active 
person,  the  pilot  in  control,  is  unlikely  to  get  sick  whereas  the  passen.er  is  likely 
to  get  sick.  (Technical  Evaluator;  Reference  to  Fukuda  is;  Fukuda,  T.  Postural 
twhavior  and  motion  sickness.  Acca  Otolaryngol.  (Stockholm),  1976,  Bl;237-241.) 
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QUEDRY «  N*  v*ry  n**r  out  closlnq  tin**  And  only  h»vo  tlm*  for  one  more  point  for  con- 
iideretlon.  Severel  apeekert  have  auqqeated  that  aa  the  fidelity  of  viaual  diaplaya  of 
the  outalte  aoene  Inoreaaeat  aimulator  alckneaa  Ihcreaaoa.  Are  there  comments  from  the 
panel  or  audlonoe  on  thia  point? 

BILUMQSi  One  very  brief  coamiant:  Mt  ua  not  confute  the  aite  of  our  viaual  diaplay 
ayaVcma  with  the  fidelity  of  our  viaual  ayatema.  You  know,  the  briqhter  they  qet,  the 
worae  they  get.  1  think  there  will  come  aome  point  at  which  we  may  well  find  some  reapon- 
aea  to  certain  diatortiona  in  theaa  very  ri^,  if  not  faithful,  viaual  aceneat  but  what 
we've  been  talking  about  here,  I  believe,  ia  the  angular  alaa  of  theae  viaual  Imagea,  not 
the  fidelity  of  them. 

KimiSDY I  I  think  that  the  comment  could  be  made  more  correct  if  one  were  to  aay  in  our 
queat  for  fidelity,  aa  we  get  cloacr  and  closer  to  phyalcal  fidelity,  the  differencea 
between  Inauta  from  different  aenaory  ayatema  may  take  on  Increaalng  Importance.  So  I 
don't  think  that  it  ia  almply  a  fldelit''  iaaue,  but  aa  wo  get  cloaer  to  fidelity,  we 
stay  have  tighter  tolerancea  between  two  or  more  aenaory  ayatema. 

YOUMGt  By  fidelity,  I  think  anat  of  ua  think  of  apatial  fidelity,  reaolutlon,  field  of 
view',  color,  nuaiber  of  llnea,  etc.,  but  we  alao  ahould  not  forget  temporal  fidelity. 

Mo»7  in  the  preaentationa  of  P.:ank  and  Caaall,  they  talk  about  aayndirony.  I  think  that 
we  Kuat  be  very  careful  in  conaidering  the  data  irtilch  tell  ua  about  maximum  aaynchrony 
between  motion  and  viaual  cuea  from  the  point  of  view  of  minimising  aymptcms  of  sick¬ 
ness.  Ne  should  not  neglect  the  tctal  transport  delt-y  between  controlled  element  move¬ 
ment  and  the  movemunt  of  both  the  visual  and  the  control  motion.  It  does  not  take  very 
much  in  terms  of  increased  transport  delay,  of  the  order  of  100  to  120  milliseconds, 
to  convert  a  poaaibly  atabla  vehicle  to  a  marginally  stable  or  unstable  vehicle.  Cer¬ 
tainly  from  the  point  of  view  of  fidelity  in  training,  we  would  be  doing  a  great  dlsaer- 
viee  if,  in  an  attempt  to  solve  the  simulator  sickness  problem,  we  ended  up  with  control 
laws  in  the  computer  which  made  the  simulator  non-uaeful  for  training.  I  have  been  in  a 
aimulator  which,  through  the  addition  of  one  more  equation  and  one  more  aquation,  had 
transport  delaya  approaching  half  a  second,  and  it  clearly  was  not  flyable.  So  I 
don't  think  we  want  to  be  led  into  that  trap  on  the  delay  side. 

GOBDRYt  It's  time  for  closing.  I  have  asked  Larry  to  provide  a  summary  of  our  round 
CaElaSlacuaaion. 

YOUNGi  It's  certainly  difficult  for  m  to  try  to  aummariae  the  suamary.  Let  me  only 
point  out  that  the  areaa  of  aimulator  aicknesa  are  areas  of  legitimate  concern.  The 
notion  that  thia  is  a  malady,  something  pathological,  or  abnormal  behavior,  i  think, 
hae  been  thoroughly  diacradited,  and  I  beliove  that  the  side  discussion,  which  we  can 
call  *Nhat'a  in  a  Name?*  was  v'^ful  in  bringing  out  those  polnta.  The  queatron  of 
whether  or  not  aimulator  sir'  ja  exiats  and  ia  a  threat  to  adequate  aimulation,  again 
I  think,  has  been  thoroughly  disposed  of.  it's  real  -  you  may  quibble  about  the  nueibers, 
but  there's  no  question  that  it  poaes  a  threat  and  ia  of  concern  not  only  in  a  military 
community  but  in  the  commercial  community  aa  well.  In  terms  of  a  theoretical  basis  for 
it,  all  that  I've  heard  tella  us  that  it  is  consiatent  with  the  sensorimotor  conflict 
theory,  which  ia  now  generally  deemed  to  underlie  most  kitida  of  motion  alckneaa.  The 
iaauea  of  what  doea  one  do,  acme  of  the  kinds  of  things  that  I  know  Dr.  Kennedy  (I  waa 
privileged  to  aerve  on  his  panels  down  in  Pensacola)  has  dealt  with  -  what  dooa  one  do 
to  fix  the  ayatem?  I  think  there  are  still  a  number  of  iaportant  areaa  that  have  been 
and  will  continue  to  be  explored.  Hy  feeling  is  that  the  greatest  area  for  fruitful 
research  at  the  moment  is  in  the  operational  arest  and  that  ia,  given  the  current 
situation  concerning  hardware,  what  does  one  do  in  terms  of  aimulator  utlllaatlon, 
appropriate  curriculum  design,  and  adieduling  to  maximise  the  return  and  mlnlmlae  the 
risk? 

GUBORYi  A  connant  that  I  should  have  made  to  close  the  Round  Table  Dlacusaloii,  I  \>111 
make  now  in  my  role  as  Technical  Evaluator.  I  thank  the  Panel  members,  Dra.  Benson, 
Casali,  Kennedy,  and  Young  for  their  wllllngneaa  to  serve  as  paneliatu  without  opMr- 
tunity  for  advance  preparation.  They  did  an  ...uellent  job.  I  also  thank  the  audience 
fK  their  thoughtful  contributions  and  vigorous  participation. 
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